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Abstract

In this thesis, the multiferroic compounds, BiFeO3, La doped BiFeO3, Cr doped
BiFeO3, La doped NdCrO3, Bi2FeMnO6, Bi2NiMnO6, and La doped DyFeO3, have
been systemically investigated. Their structural, magnetic, ferroelectric, thermal, and
dielectric properties are studied in details.
A family of bismuth ferrites (BFO), including Bi2Fe4O9, BiFeO3, and Bi25FeO39
with different morphologies, has been prepared by the hydrothermal method assisted
by different alkaline mineralizers. X-ray diffraction refinement calculations are carried
out to study the crystal structures of bismuth ferrites. A thermodynamic calculation
based on the dissolution-precipitation model was carried out to analyze the
hydrothermal synthesis of BFO powders. Magnetic measurements of the obtained
bismuth ferrites show different magnetic properties from 5 K to 350 K. The physical
properties of rare earth and transition metal elements doped BiFeO3 have been studied
through La and Cr doping. Bi1-xLaxFeO3 (x= 0.0, 0.1, 0.2, and 0.3) micro-particles
were synthesised by a hydrothermal technique. All the samples were phase pure
crystallizing in a perovskite structure with a space group of R3c. XRD refinement
revealed that the lattice parameters increased along with increase of La content, while
the Fe-O octahedra became more distorted. It was found that the morphologies of asobtained micron-sized particles turned from spheroidal to octahedral according to
different doping levels. The dielectric constant of Bi1-xLaxFeO3 sample increased after
La doping, and reached the largest value for the sample of x= 0.2, both in low and
high frequency range at room temperature. All the as-prepared samples exhibited
magnetic moments starting above room temperature. It was found that the magnetic
moment was significantly enhanced from 0.264 emu/g of BiFeO3 to 0.658 emu/g of
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Bi0.9La0.1FeO3 in a field of 3 T at 77 K. Both enhancements of ferromagnetic and
dielectric properties possibly attribute to the changes of lattice parameters and Fe-O
bond lengths caused by lanthanum substitution. Multiferroic BiFe1-xCrxO3 (x = 0.025,
0.05, 0.075, and 0.1) is prepared by the hydrothermal method. Samples are
systematically characterized by X- ray diffraction, Rietveld refinement, SEM,
dielectric and magnetic measurements. It is found that the lattice parameters, the
morphology and the size of the obtained particles strongly depend on the Cr doping
level. The lattice parameters a, c and the Fe-O (1) bond lengths decrease, while the FeO (2) bond lengths increase, as x values rise from 0.025 to 0.1. The particle
morphology changes from spherical shape for pure BiFeO3 to octahedral shape for x =
0.1. The dielectric constant and the magnetization increase greatly with the increase of
the Cr doping level. Both the M-T and the M-H results reveal that the Cr doping
enhances the ferromagnetic state in the doped BiFeO3. The possible reasons for the
enhanced magnetic and dielectric properties are discussed briefly. Hollow BiFeO3
nanoparticles were synthesized by an electrospray route for the first time. The phase
purity and structure have been investigated by X-ray diffraction and Raman
spectroscopy. Transmission and scanning electron microscope investigations revealed
that the as-obtained BiFeO3 hollow spheres were polycrystalline, with a shell
thickness of 35 nm. The formation mechanism can be possibly explained by Ostwald
ripening. Raman spectra have verified decreased vibrational frequencies in BiFeO3
nanoparticles. These hollow and core-shell multiferroic nanoparticles exhibit
significantly enhanced ferromagnetism from 5 K to 600 K due to a broken spiral spin
structure. The ferroelectricity of hollow BiFeO3 particles exhibits a lower switching
electric field which is confirmed by Kelvin probe force microscopy.
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Possible multiferroic compound, Nd1-xLaxCrO3 (0≤ x≤ 1.0), has been synthesized
by solid state reaction and been characterized by a broad range of measurements. Xray diffraction Rietveld refinement calculation and Raman spectra indicate that CrO6
octahedra are sequentially distorted with decreasing bond angles of Cr-O-Cr caused by
the La doping. The temperature dependence of magnetization (M-T) shows two
magnetic transition temperatures originating from the Cr3+ ordering (TN1) and the Nd3+
orderings (TN2), respectively. The increasing TN1 and decreasing TN2 by the increasing
doping level can be explained by the chemical pressure and non-magnetic property of
La3+. The substitution of La3+ induces a small ferromagnetic moment due to the
coupling between spin and lattice which confirmed by the magnetic field dependence
of magnetization (M-H) and Raman spectra. The Curie- Weiss fitting of M-T curves
indicates that the spin state for Nd3+ is stable in Nd1-xLaxCrO3. Heat capacity
measurements on Nd1-xLaxCrO3 samples reveal no discernible electronic term and the
Debye temperatures near 700K.
Double perovskite multiferroic Bi2FeMnO6 was synthesized on Si substrates by an
electrospray method. Three peaks were observed in the temperature dependence of
magnetization curve, which is attributed to the inhomogeneous distribution of Fe3+ and
Mn3+. The observed magnetic peaks at 150 K, 260 K, and 440 K correspond to orderings
of the ferrimagnetic Fe-O-Mn, and antiferromagnetic Mn-O-Mn and Fe-O-Fe,
respectively. Heat capacity measurements were carried out to confirm these magnetic
transitions. The Debye temperature of Bi2FeMnO6 is 339 K, calculated from DebyeEinstein fitting. Single phase Bi2FeMnO6 hollow particles have been fabricated on silicon
substrates from a sol-gel precursor by an electrospray method. The as-prepared
Bi2FeMnO6 polycrystalline samples are pure-phase, crystallizing in space group R3c.
Raman spectra have verified the vibrational frequencies in the Bi2FeMnO6 samples. The
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Bi2FeMnO6 nano-/micron-sized hollow particles show a porous shell with large interior
void. The shell thickness is ~100 nm. The structure and morphology of the sample were
found to be controlled by the deposition time. The formation mechanism can be explained
by an Ostwald ripening − Kirkendall model. The temperature dependence of the
magnetization curve (M-T) and magnetic hysteresis loops indicate that Bi2FeMnO6
particles exhibit weak ferromagnetic moment at both low and room temperature. Another
multiferroic double-perovskite Bi2NiMnO6 nanoparticles were synthesized by a
electrospray method as well. Bi2NiMnO6 nanoparticles crystallize in the monoclinic
structure with space group C121. The particles show a uniform spherical shape with a
diameter of 100 to 300 nm. The ferromagnetic transition of Bi2NiMnO6 is confirmed at
122 K. The room temperature ferroelectricity of the Bi2NiMnO6 nanoparticles is verified
by Kelvin probe force microscopy.
Lanthanum doped multiferroic DyFeO3 was synthesized by a solid state reaction.
X-ray diffraction (XRD) and refinement show that the lattice parameters of Dy1xLaxFeO3

increase linearly with the La content. A Raman spectroscopy study reveals

that the short-range force constant in Dy1-xLaxFeO3 is decreased by La3+ ion
substitution. The spin re-orientation phase transition temperature (TSRPT) is observed
to decrease along with the doping level. The antiferromagnetic (AFM) ordering
temperature TN of Fe3+ ions is depressed with increasing doping level. Both decreasing
TSRPT and decreasing TN indicate that Fe-Dy and Fe-Fe interactions are weakened by
La substitution. It is found that the electron configuration of Fe3+ is high spin state and
not affected by the La doping in all the samples above TN.
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Chapter 1. Literature Review

1.1 Background
Complex oxides exhibit a rich range of properties, including magnetism,[1-3]
ferroelectricity,[4-6] strongly correlated electron behaviour,[7-10] superconductivity,[11-14]
and magnetoresistance,[15-18] which have been research areas of great interest among
the scientific and technological communities for decades. Among these materials, the
ones which exhibit magnetic or ferroelectric properties have been extensively studied
because their fascinating physical properties can be used to realize a vast number of
devices ranging from giant devices such as electrical transformers to tiny devices such
as sensors,[19,20] data storage memories,[21,22] and integrated circuits.[23,24] Moreover,
new kinds of devices and functionality are also expected to be realised by using these
materials in nanoscale forms, because of the size-dependent physical and chemical
properties, which have motivated many current research activities in the magnetism
and ferroelectricity research fields. For example, devices relying on concepts such as
break junction and ballistic electrons have been proposed that involve realizing the
coupling of the elastic, ferroelectric, and nanometric magnetic domains.[25-29]
Ferromagnetic (FM) materials possess a spontaneous magnetization behaviour
which can be switched in an external magnetic field. For decades, enormous efforts
have been made to control the properties of FM materials by altering their structures
or dimensions. Likewise, ferroelectric materials exhibit a spontaneous polarization,
and the direction of electric dipoles can be switched with an applied electric field.
Therefore, ferroelectricity has been considered in relation to the phenomenon of
magnetism. Initially magnetic and electric behaviours observed in the same materials
5

were thought to be two independent phenomena. However, as proposed by James
Clerk Maxwell,[30] four equations, known as Maxwell’s equations, which govern the
dynamics of electric fields, magnetic fields, and electric charges, show that magnetic
interactions and the motion of electric charges are intrinsically coupled to each other.
In the covariant relativistic form, two equations for the electromagnetic field tensor
can be obtained, briefly indicating the unified nature of magnetism and electricity. A
number of interesting parallels exist between electric and magnetic phenomena, such
as the quantum scattering of charge off magnetic flux and the scattering of magnetic
dipoles off a charged wire.[31,32] The similarities in the thermodynamics of
ferroelectrics and ferromagnets, including anomalies at a critical temperature, domain
structures, and hysteresis behaviour, can be explained by the formal equivalence of the
equations of electrostatics and magnetostatics in polarisable media. These similarities
are particularly significant in terms of the seemingly different origins of
ferroelectricity and magnetism in solid oxides: whereas magnetism is a result of the
ordering of electron spins in incomplete ionic shells, ferroelectricity is the result of an
asymmetric charge distribution due to the off-centre shifts of negative and positive
ions.
Multiferroics are materials that exhibit more than one primary ferroic order
parameter simultaneously.[33] There are four basic primary ferroic order parameters, i.e.
ferromagnetism, ferroelectricity, ferroelasticity, and ferrotoroidicity. The materials
which show one primary order parameter and one non-primary order parameter, in a
combination such as antiferromagnetism and ferrimagnetism, are also considered as
multiferroics.[34,35] Only a small group of compounds that show magnetism or
ferroelectricity

can

exhibit

both

magnetic

and

electric

order

parameters

simultaneously.[36] In these select materials, magnetic field can not only control
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magnetization but also induce ferroelectricity, or electric field can reorient
polarization as well as spin directions. This functionality offers an extra degree of
freedom and provides the possibility to create new devices based on these materials.
Magnetoelectricity is an important phenomenon that can be observed in multiferroic
materials. The magnetoelectric multiferroic compounds must be simultaneously both
ferromagnetic and ferroelectric. However, as mentioned above, current research tends
to extend the definition of multiferroics to include materials possessing two or more
ferroic order parameters and corresponding non-primary antiferroic order parameters.
Because multiferroicity is determined by a number of factors, including crystal
structural symmetry, electronic properties, and chemical properties, there are only
thirteen point groups that can give rise to multiferroic behaviour.[34-36] Moreover, the
mutual exclusivity of the origins of magnetism and electric polarization, in which
ferromagnetism needs transition metals with unpaired 3d electrons and unfilled 3d
orbitals, while ferroelectric polarization needs transition metals with filled 3d orbitals.
Thus the existing candidate multiferroic compounds (single-phase) are scarce,
especially ferromagnetic-ferroelectric multiferroic materials, [37-39] as shown in Figure
1.1.

Figure 1.1 (a) Relationship between multiferroic and magnetoelectric materials. (b)
Schematic illustrating different types of coupling present in materials.[33]
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The basic idea that crystals could be simultaneously ferromagnetic and ferroelectric
was proposed by Pierre Curie in the 19th century.[39] However, true magnetoelectric
coupling, which is defined as a linear term in the free energy G(P, M, T) = αijPiMj
(where P is the polarization and M is the magnetization), was theoretically explained
by Dzyaloshinskii,[40] with a prediction being made for Cr2O3 that was verified
experimentally in this compound by Astrov[41] in late 1950s. Unfortunately, this oxide
compound

shows

paraelectricity

coupled

with

antiferromagnetism,

making

microelectronic applications impractical. After several years, an interesting
ferromagnetic ferroelectricity was first observed in boracite materials by Schmid.[42]
However, the boracites are also impractical materials for applications because they
have low crystal symmetry with large unit cells and the critical temperature for
magnetoelectric ordering is extremely low. Meanwhile, a study on the important
perovskite compound bismuth ferrite was pioneered by Smolenskii and Chupis.[43]
However, it was found that the growth of BiFeO3 single crystal was extremely
difficult. In addition, the ceramic specimens were too conductive to be applied in
devices. Nowadays, people understand that the conductivity of BiFeO3 specimens is
caused by the oxygen vacancies, other defects, and the mixed Fe valences. In parallel
with the experimental investigation of multiferroics, theoretical studies in this field
have also been appearing since Hill[44] raised a question as to why there are so few
materials that are simultaneously magnetic and ferroelectric. Limiting the discussion
to transition-metal oxides, especially perovskite compounds, it was proposed that the
ferroelectricity originates from the B-site d0 electrons; however, the magnetic
properties require dj electrons with j different from zero. Moreover, ferroelectric
polarization appears in materials with distorted asymmetric crystal structures, whereas
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ferromagnetism requires a symmetric structure. Even so, the hypothesis has been
proved by experimental studies on multiferroics. At the same time, people realized
that oxide perovskites do not all have the same mechanism of ferroelectricity, e.g. the
centred Ti ions in BaTiO3 play the key role, but the lone-pair Pb ion is dominant in
PbTiO3.[45-47] Interestingly, the ferroelectricity of BiFeO3 is mostly dominated by the
lone pair s2 electrons of Bi ions, which is a similar case to that of PbTiO3. Thus, the
polarization in BiFeO3 comes from the A site (Bi3+), while the magnetization comes
from the B site (Fe3+). The same idea has been applied in designing and achieving new
multiferroic oxides.
From the end of the 1990s, various candidate multiferroics with high transition
temperatures have been discovered due to significant progress in synthesis and
characterization.[48-55]

As the most important group, compounds with chemical

structure ABO3 (where A and B denote the metal ions) have been extensively
investigated. Among these compounds, Bi-based ones, such as BiMnO3[56] and
BiFeO3,[57] exhibit magnetoelectric coupling at high temperature. The rare earth-based
perovskite compounds[50-55] show a unique type of multiferroicity that is induced by
frustrated structures. So far, some new mechanisms have been verified in these
compounds, in which ferroelectricity is induced by spiral spin order, magnetic
exchange striction, spin canting, or charge order.

1.2 Single Phase Multiferroic Compounds
The single-phase multiferroic materials can be classified into several types
according to the general chemical formula or origin of the multiferroicity. The
important ones are briefly introduced below.
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1.2.1 BiFeO3
Bismuth ferrite (BiFeO3) is a single-phase compound that exhibits both magnetic
and strong ferroelectric properties at room temperature. Its room-temperature
multiferroicity has stimulated great research interest in the field of multiferroics,
which can be compared to that aroused by yttrium barium copper oxide (YBCO) in
the field of superconductors. In the past few years, intensive studies have been
conducted on this material in an attempt to understand its multiferroic mechanism and
to apply it in device applications.[58-66]

Figure 1.2 (a) Structure of BiFeO3 shown looking (a) down the pseudocubic-[110]
direction, (b) down the pseudocubic-[111]-polarization direction, and (c) a general
three-dimensional view of the structure.
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BiFeO3 crystallizes in the perovskite rhombohedral structure with space group R3c
at room temperature. The lattice parameters of its unit cell have been reported as
arhombohedral = 3.965 Å and a rhombohedral angle βrhombohedral = 89.3o at room
temperature.[67]

The ferroelectric polarization direction is along [111]pseudocubic.

However, the unit cell can also be described as a hexagonal structure with the c-axis
parallel to the diagonals of the perovskite cube, namely [001]hexagonal || [111]pseudocubic.
In this case, the lattice parameters have been reported as ahexagonal = 5.58 Å and
chexagonal = 13.89 Å.[68]

It should be noted that there is an important structural

distortion of the oxygen octahedra with a rotation angle ω = 11-14o around the polar
[111]pseudocubic axis. In an ideal cubic perovskite with ions perfectly matched in size,
the rotation angle of the oxygen octahedra should be 0o. However, the mismatched ion
sizes result in tilted metal-oxygen octahedra. By using the Goldschmid tolerance
formula t = (rBi+rO)/(rFe+rO)1/2, in which t denotes the tolerance factor,[69] t = 0.88 was
obtained for BiFeO3, with the Bi ions in eightfold coordination and the Fe ion in
sixfold coordination and the high spin state.[70] Because t is smaller than one, the
oxygen octahedra must tilt in order to fit into a small unit cell. This results in a
distorted Fe-O-Fe angle which is the most important factor to control both the
magnetic exchange and the orbital overlap between Fe and O in BiFeO3.[70,71]
The ferroelectricity of BiFeO3 is ascribed to the lone pair s2 electrons of the Bi ions,
which is similar to the case of PbTiO3.[72] Measurement of the ferroelectricity of bulk
bismuth ferrite can be traced back to the 1960s and 1970s. Only small values of the
remnant polarization, Pr, can be obtained, even for a single crystal sample (Pr = 6 µC
cm-2). As reported by Teague,[73] the current leakage problem which results in lack of
saturation is likely to be the reason for this small Pr. They predicted that the actual
polarization of BiFeO3 should be an order of magnitude higher than what they

11

measured. However, it took 30 years for their prediction to be proved right by
measurements on high-quality thin films,[58] single crystals,[74,75] and ceramics.[76,77] In
2003, Ramesh’s group[58] reported an unexpectedly large remnant polarization in a
BiFeO3 thin film sample that was 15 times larger than previously seen in a bulk
sample, which has enormously stimulated the research on this material. The high
ferroelectric Curie temperature has been confirmed in both bulk and thin film
samples.[78-80] The large value of the polarization was later confirmed in a single
crystal sample.[74] These studies indicated that the defects are the main reason for the
current leakage problem in bulk samples.[81-83] At the same time, saturated room
temperature ferroelectric hysteresis loops were observed in a ceramic sample sintered
at 880oC for 45 s.[84] The spontaneous polarization, remnant polarization, and coercive
field were found to be 8.9 µC cm-2, 4.0 µC cm-2, and 39 kVcm-1, respectively. It was
verified that the formation of Fe2+ and the oxygen deficiency leading to current
leakage can be prevented by a short sintering time with a rapid heating rate. Other
methods have been also employed to prevent the current leakage in BiFeO3, including
doping on A-sites and B-sites, depositing thin films, growing high-quality single
crystals, etc.[85-90] Significantly enhanced ferroelectricity has been observed in La
doped BiFeO3.[89]
Magnetism in BiFeO3 can be attributed to both short- and long-range orderings.
The local short-range ordering is G-type antiferromagnetic. One Fe3+ spin is
surrounded by six antiparallel spins on the nearest neighbour Fe3+ ions. Due to the
structural distortion, the arrangement of the neighbouring spins is in fact not perfectly
antiparallel. The canted spins induce a weak magnetic moment that couples with the
ferroelectric polarization. The long-range magnetic ordering in BiFeO3 is an
incommensurate spin cycloid of the antiferromagentically ordered sub-lattice with a
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period of 62-64 nm.[90] The direction of the spin cycloid is along the [110] axis. The
Néel temperature for antiferromagnetic ordering is reported to be 643 K.[91] The
cycloidal model of spin ordering in bismuth ferrite was first proposed by Sosnowska
in 1982, and it was verified by various experimental data from XRD,[92] neutron
scattering,[93] Mössbauer spectroscopy,[94] etc. Zalesskii and his co-workers proposed
that the cycloid could become distorted at low temperature.[95]

Very recently,

Cazayous[96] reported a transition at 140 K, and Singh[97] reported an apparently
stronger one at 200 K. The possible origin for these transitions is considered to be spin
reorientation.

Figure 1.3 Schematic representation of the spin cycloid. The canted antiferromagnetic
spins (blue and green arrows) give rise to a net magnetic moment (purple arrows) that
is spatially averaged out to zero due to the cycloidal rotation. The spins are contained
within the plane defined by the polarization vector (red) and the cycloidal propagation
vector (black).[90]

The mechanism of magnetoelectric coupling in BiFeO3 is subtle. The ferroelectric
polarization breaks the local magnetic (short-range) symmetry and induces a small
canting of the spins via the Dzyaloshinskii-Moriya interaction. This results in a very
small net moment of 0.3 emu/g.[98]

Furthermore, a spin cycloid is induced by

ferroelectrically averaging out the local canted magnetism. This cycloid that appears
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due to polarization can also couple to gradients of magnetization, thereby inducing an
inhomogeneous spin configuration. It is the converse effect of the ferroelectric
polarization induced by magnetic spirals. Recently, the coupling between
ferroelectricity and magnetization in BiFeO3 has been experimentally confirmed by
using a combination of piezoelectric-force microscopy and X-ray photoelectron
microscopy.[99, 100]

1.2.2 REMnO3 (RE: Y, Ho-Lu)
The rare earth (RE) perovskite manganites, with RE denoting Y, and Ho-Lu have
hexagonal crystallographic structures, compared to those manganites with RE having a
larger ionic radius, which exhibit the perovskite orthorhombic structure. The crystal
structures of these compounds have been well studied in the past several decades.[101106]

It was found that the orthorhombic structure with space group Pnma and Jahn-

Teller distortion are less stable due to the reduction of the RE ionic radius.[107] As a
result, REMnO3 (RE: Y, and Ho-Lu) can easily exhibit the hexagonal rather than the
orthorhombic structure. Generally, the hexagonal manganites show two kinds of
orderings: ferroelectric and magnetic. The ferroelectric ordering appears below 900 K,
and the magnetic ordering occurs around 100 K.[108] The ferroelectricity of these
compounds can be explained by the non-centrosymmetric space group with the Pr
direction parallel to the c axis.[109]
The hexagonal manganite YMnO3 is representative of REMnO3 multiferroic
materials exhibiting ferroelectric and magnetic properties simultaneously. Hexagonal
YMnO3 crystallizes in space group P63cm with the lattice parameters a = 6.125 Å and
c = 11.41 Å at room temperature. It consists of MnO5 polyhedra corner-linked to
form triangular lattice layers. The MnO5 polyhedra are tilted so as to induce the
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trimerization of Mn3+ ions in each Mn layer, the downward distortion of two thirds of
the Y ions, and the upward distortion of one third of the Y ions. The unequal
populations of upward- and downward- distorted Y ions result in the polarization.
Because the distorted MnO5 polyhedra are separated by distorted layers of Y3+ ions,
antiferromagnetic ordering takes place via a frustrated Mn-O-Mn in-plane exchange
and a Mn-O-O-Mn inter-plane exchange. The strong coupling between ferroelectricity
and antiferromagnetism in YMnO3 was first observed by imaging the domain structure
with optical second harmonic generation.[110] By using this technique, Fiebig et al.
found that the coupling originated from the interaction of magnetic and ferroelectric
domain walls.[111]

This interaction induces a new type of domain wall, i.e.

multiferroic domain walls. The same interactions have been also observed in
HoMnO3,[112] as well. As mentioned above, the ferroelectricity is a result of the
unusual coordination of the Y3+ ions, and thus the rearrangement of the magnetic spin
on Mn ions would not influence the ferroelectric property in YMnO3, which has been
confirmed by recent studies.[113,114] The thermal properties of YMnO3 compound were
also systematically studied.[115,116] The thermal conductivity of hexagonal YMnO3
shows an isotropic suppression in the cooperative paramagnetic state, but with a
sudden increase upon the magnetic transition. This unpredictable behaviour without an
associated static structural distortion is possibly induced by a strong coupling between
acoustic phonons and low energy spin fluctuations in frustrated magnets. An enhanced
effect was observed in Ho doped YMnO3 samples,[117] suggesting that the
multiferroicity was enhanced by doping effects. Some groups have focused their
studies on HoMnO3-based compounds.[118-120] Ferroelectricity was exhibited in
HoMnO3 with a novel hexagonal structure in the presence of magnetic fields over a
temperature range defined by a plateau of the dielectric constant anomaly.[118] This
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plateau is sensitive to changes in magnetic field and becomes a narrow dielectric peak
at the Mn spin rotation transition at 32.8 K in zero field. The anomaly is a function of
both temperature and magnetic field. It can be explained by an indirect coupling
between the ferroelectric and the antiferromagnetic orders, which is also due to the
domain coupling effect, as in YMnO3.[114] A large magnetodielectric effect has been
observed in HoMnO3 at low temperature.[120] The dielectric constant can be tuned by
an external magnetic field, resulting in a decrease of up to 8 % in a 7 T field.[117]
Besides the hexagonal structure, orthorhombic HoMnO3 has also been investigated for
multiferroicity.[121] A remarkable increase in the dielectric constant (up to 60%) with
the magnetic ordering at the transition temperature of 42 K in orthorhombic HoMnO3
was observed,[114] which provides direct evidence of the existence of a strong
magnetodielectric coupling in this compound. The structural and physical properties
of TbMnO3 have been also investigated.[122,123] Ferroelectric TbMnO3 exhibits
antiferromagnetic ordering due to spin frustration. The modulated magnetic structure
is accompanied by magnetoelastically induced lattice modulation and the emergence
of spontaneous polarization. Gigantic magnetoelectric and magnetocapacitance effects
have been demonstrated and are attributed to switching of the electric polarization
induced by magnetic fields.[124]
Due to the similarity in the crystal structures, the other REMnO3 compounds were
investigated to discover their potential for multiferroicity. It is well known that
structural change in these compounds will lead to ferroelectric distortion. The
irreducible representations of the distortions from the crystal symmetry P63/mmc at
high temperature to P63cm at low temperature were studied in detail by X-ray
diffraction refinement and Raman spectroscopy.[125-127] The results indicate that only
one of the four different possible crystallographic orthogonal modes allows
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spontaneous electric polarization. Based on these theoretical studies, TmMnO3 has
been revealed as having two phase transitions: one corresponds to a polar-to-non-polar
transition at 1433 K, and the other one corresponds to a ferroelectric distortion at 1050
K.[128] For RE = Lu and Yb, similar double transitions have been observed at
comparable temperatures, as well.[129] For LuMnO3, the influence of antiferromagnetic
ordering on the local dielectric moments of the Mn-O and Lu-O polyhedra has been
studied by Van Aken et al. by neutron diffraction at the antiferromagnetic ordering
temperature.[130]

Weak magnetoelectric coupling has been demonstrated. This is

because the magnetic exchange coupling is predominantly in the a-b plane of the
MnO5 polyhedra, and the polarization originates from Lu-O. Likewise,

[131]

multiferroic behaviour of ErMnO3 has been reported based on measurements of the
dielectric properties as well as the magnetic properties. It was found that the dielectric
constant shows an anomalous jump at the Néel temperature, TN, and undergoes a
significant decrease on application of magnetic field.

1.2.3 Double Perovskite Compounds (A2BB′O6)
Double perovskites provide a unique opportunity to induce and control multiferroic
behaviour in oxide systems. The appealing possibility of designing materials with
strong coupling between the magnetization and the polarization fields may be
achieved in this family, since these magnetic insulators can present structural selfordering under the appropriate growth conditions. Recently, double-perovskite
multiferroic compounds (A2BB′O6) have been theoretically designed as possible
multiferroics, because they are ferromagnetic insulators governed by the 180o
superexchange process with the potential to generate a polar character.[132, 133] In the
ordered system, the polarization could be induced by 1) the structural distortion
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arising from different chemical valencies of ions occupying the B and B′ sites, or 2)
the ferroelectric distortion induced by ions occupying the A sites.
There are several reports on the structural, magnetic, and ferroelectric properties of
double perovskites, including La2CoMnO6, [134] Bi2FeMnO6,[135] Bi2NiMnO6, [136] and
Bi2FeCrO6.[137] Bi2NiMnO6 thin film was synthesized on SrTiO3 substrates by pulsed
laser deposition, in which Ni2+ and Mn4+ are arranged in a rock-salt-type structure in
each double perovskite unit cell.[136] Multiferroicity with a ferromagnetic transition at
100 K and ferroelectric saturated polarization of 5 μC/cm2 has been observed. The
magnetic B/B′ site ordering was further confirmed by synchrotron X-ray diffraction,
which indicated that the Ni and Mn were ideally ordered. The same synthesis
technique was used to deposit double perovskite Bi2FeCrO6 epitaxial thin films on
SrRuO3 substrate. It was revealed that the double perovskite crystal structure of the
Bi2FeCrO6 epitaxial films is very similar to that of BiFeO3 along the [111]
direction.[137] The epitaxial Bi2FeCrO6 films exhibit good ferroelectric and
piezoelectric properties, in addition to magnetic properties at room temperature, as
well as an unexpected crystallographic orientation dependence of their roomtemperature magnetic properties. Ab initio calculations also confirmed the Fe3+-Cr3+
ordering in Bi2FeCrO6 that exhibits good multiferroic properties.[138] Recently, single
phase Bi2FeMnO6 was synthesized on Si substrates by the electrospray method.[132]
Three peaks were observed in the temperature dependence of magnetization curve,
which were attributed to the inhomogeneous distribution of Fe3+ and Mn3+. The
observed magnetic peaks at 150 K, 260 K, and 440 K correspond to orderings of
ferrimagnetic Fe-O-Mn, and antiferromagnetic Mn-O-Mn and Fe-O-Fe, respectively.
Nd0.1Bi0.9FeO3/Bi2FeMnO6 bilayered films which were deposited on Pt/Ti/SiO2/Si
substrate by pulsed laser deposition exhibited ferromagnetic ordering of Mn-O-Fe-O-
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Mn.[139] The film shows typical ferromagnetic properties, with the transition
temperature at 440 K. Room temperature (RT) ferroelectric polarization was also
observed, suggesting that the film might have promising RT multiferroicity. Similar
cation orderings were observed in La2CoMnO6 and Bi2CoMnO6 epitaxial thin
films.[140,

141]

La2CoMnO6 displays a magnetic Curie temperature of 250 K, while

Bi2CoMnO6 presents ferromagnetism up to near 800 K. This high transition
temperature for magnetic ordering can be further tuned by varying the strain in the
films, indicating an important contribution from the structural characteristics of these
materials.

1.2.4 REMn2O5 (RE: La, Pr, Nd, Sm to Eu)
Multiferroic properties have been observed in the REMn2O5 family very recently,
even though these compounds have been studied since the 1960s.[142, 143] In the typical
crystal structure, the Mn3+ and Mn5+ ions occupy different crystallographic sites. The
M4+ ions coordinate with oxygen ions to form octahedra, while Mn3+ ions occupy the
base centre of the square pyramid. All the compounds with RE = La, Pr, Nd, Sm to Eu
share the same structure, with slight differences in the lattice parameters.
Both the ferroelectric and the magnetic transition temperature for REMn2O5 are
very low: 25−39 K for the ferroelectric transition temperature, Tc, and 39−45 K for the
antiferromagnetic TN.[144-148] It was found that the easy axis of magnetization of
REMn2O5 is along the a axis for TbMn2O5 and along the b axis for DyMn2O5 and
HoMn2O5.[149-151] Their magnetic phase diagrams have also been investigated by
neutron diffraction studies. Interestingly, it was found that the magnetic transitions of
TbMn2O5 are associated with dielectric anomalies.[152] The dielectric constant of
TbMn2O5 increases when it undergoes an antiferromagnetic ordering at 43 K. Sharp
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and a step-like dielectric anomalies were observed at the ferroelectric ordering
temperature of 39 K and the spin reorientation temperature at 8 K, respectively. All
these anomalies indicate significant spin-lattice coupling in TbMn2O5. The same
phenomena have been observed in DyMn2O5, as well.[153] A large change in the
dielectric constant of DyMn2O5 occurs when an external magnetic field is applied. At
3 K, a change of 109% has been reported. Similar behaviour was observed for
HoMn2O5, but the effect is smaller.[154] Coupling between magnetic and dielectric
properties was recently confirmed for REMn2O5, where a magnetic field modifies the
ferroelectric state. For GdMn2O5, a strong effect of the magnetic state on the
ferroelectric properties was confirmed by the magnetic resonance spectra.[155]

1.2.5 Fluoride Multiferroics
Based on theoretical calculations, Abrahams has given a list of magnetic fluorides
that are probably ferroelectric. The basis of this hypothesis is the existence of
structures that have very small non-centric displacements of ions, with the assumption
that ferroelectric switching is likely in such lattices. BaMnF4 is an example of a
material with spin canting induced ferroelectricity.[156] The mechanism behind its
multiferroicity is similar to that behind the ferroelectrically induced local spin in
BiFeO3. K3Fe5F15 is a ferroelectric ferrimagnet with three Fe2+ and two Fe3+ ions per
unit cell.[157] The magnetic moment is contributed by these iron ions. The other
multiferroic candidates, such as Sr3(FeF6)2, Pb5Cr3F19, (NH4)3FeF6, and Bi2TiO4F2,
have also received careful study.[158-161]
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1.3 Multiferroic Composite Systems
The previous studies on the single-phase multiferroic materials have developed our
fundamental understanding of the physics of magnetoelectric phenomena. However,
they also indicate that, in single-phase multiferroic materials, the magnetoelectric
coupling is very weak and the ordering temperature is too low for application. In
contrast, multiferroic composites, which incorporate ferroelectric and ferri/ferromagnetic phases, are ready for technological applications, due to their giant
magnetoelectric coupling response above room temperature. For composites that are
also piezoelectric, the magnetoelectric composites can have various connectivity
schemes, however, the common ones are 0-3-type particulate composites of
piezoelectric and magnetic oxide grains, 2-2-type laminate ceramic composites
consisting of piezoelectric and magnetic oxide layers, and 1-3-type fiber composite
with fibers of one phase embedded in the matrix of another phase. In the past few
decades, various multiferroic ceramic composites, mainly 0-3-type particulate
composites and 2-2-type laminate ceramic composites, have been investigated
experimentally and theoretically.[162-165] Generally, the ceramic phases in these
composites are piezoelectric BaTiO3, lead zirconate titanate (PZT), and (Sr/Ba)Nb2O5,
and the magnetic phases are ferrites. Among them, the particulate ceramic composites
are most easily prepared via the conventional sintering technique. Powders of
piezoelectric ceramics and magnetic oxides are first mixed, and then the mixed
powders are pressed into pellets, followed by the sintering process.
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(a)

(b)

(c)

Figure. 1.4. Schematic diagrams of three bulk composites with the three common
connectivity schemes: (a) 0-3 particulate composite, (b) 2-2 laminate composite, and
(c) 1-3 fibre/rod composite.

1.3.1 Particulate composites
The original work on the in situ fabrication of the magnetoelectric ceramic
composites was conducted in Philips Laboratories.[166-169] A unidirectional
solidification process was introduced to obtain the quinary system Fe-Co-Ti-Ba-O.
This method helps in the decomposition of the eutectic liquid into alternate layers of a
piezoelectric perovskite phase and a piezo-magnetic spinel phase. The results
indicated that an excess of TiO2 of about 1.5% led to a high magnetoelectric voltage
coefficient of 50 mV/cm·Oe. The other compositions only have the value of 1-4
mV/cm·Oe.[167] Following the same work, a high magnetoelectric coefficient of 130
mV/cm·Oe was observed in the BaTiO3-CoFe2O4 system.[169] However, the
unidirectional solidification method requires critical control, especially as one of the
components is a gas. In comparison, the sintering method is much easier for synthesis
of magnetoelectric composite ceramics. The advantages are freedom in the selection
of constituent phases, easy control of starting particle sizes, and less critical
processing parameters. Moreover, the sintering method does not require the presence
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of a eutectic transformation, and therefore, provides the opportunity to use
components with different crystal structures.
Studies on the preparation of particulate composite ceramics of BaTiO3 or PZT and
ferrites via the conventional sintering process began in the early 1990s.[170-173]
However, the challenge was the enhancement of the magnetoelectric coupling
response and improvement of the magnetoelectric coefficient. Most results indicated
that the highest magnetoelectric coefficient was only about 1 mV/cm·Oe.[172,

173]

Around 2000, stronger magnetoelectric coupling with coefficients of about 10-100
mV/cm·Oe was observed in such samples by carefully control of the synthesis
process.[174] A systemic study of the sintering behaviour, microstructures, and
magnetoelectric properties of particulate composites of PZT and Ni-based ferrite was
carried out by Ryu et al.[175,

176]

The sintering temperature was found to have an

impact on the magnetoelectric coefficient. Later, a high magnetoelectric coefficient of
115 mV/cm·Oe was reported for the 0-3-type composite nickel ferrite (NFO)/PZT at
1 kHz.[174] The homogeneous structure and the well-dispersed microstructure are
responsible for the large coefficient. The low-frequency magnetoelectric coefficients
of the 0-3-type composites prepared by sintering methods are different from the 10 to
100 mV/cm·Oe in previous reports.[177-180] The sintering conditions, starting materials,
and processing were found to be playing key roles.
Despite the strong magnetoelectric coupling that can be achieved in sintered
particulate composite ceramics, it is hard to achieve high-quality materials due to
interdiffusion between the piezoelectric and ferrite phases during the high-temperature
sintering and also due to thermal expansion mismatch between two phases. Recently,
a new technique, the spark plasma sintering method, has been employed to prepare
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high-density and high-quality samples. A large improvement in the coefficient has
been observed in the as-prepared samples.[181, 182]

1.3.2 Laminate ceramic composites
The current leakage problem due to the poor connection between different particles
and to the high concentration of the ferrite phase in 0-3-type particulate composite
ceramics can be eliminated in the laminate 2-2-type composite ceramics. Laminate
ceramic composite are usually fabricated by sintering ferrite and piezoelectric ceramic
in a layer-by-layer structure at high temperature. Magnetoelectric coupling has been
reported in various 2-2-type composite ceramics, such as PZT - Ni-ferrite (NFO) and
PbTiO3 - Co-ferrite (CFO).[183-185] Only a few composites show high magnetoelectric
coupling with a high coefficient.
Srinivasan et al. reported a laminate composite ceramic prepared by the tapecasting technique.[186-188] The multilayers of piezoelectric and ferrite phase were
synthesized from thick films by tape casting. The synthesis includes three steps: 1)
preparation of piezoelectric and ferrite particles on the micron scale; 2) thick film tape
preparation; 3) the lamination and sintering process. For tape casting, powders of
ferrite or piezoelectric were mixed in a solvent, and then the ball milling technique
was used to achieve a mixture of sub-micron-size powders. After that, the multilayer
structure of alternate ferrite and piezoelectric was then obtained by the conventional
tape-casting technique. The thickness of each layer is from 10-200 µm. High pressure
and temperature were then applied to form the laminate composite.
In the laminate NFO/PZT multilayer stack,[189] a strong magnetoelectric coupling
with coefficients of up to 0.4 V/cm·Oe was observed, where NFO was considered to
exhibit nearly ideal interface coupling with PZT. The most important parameter in the
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selection of the constituent phases for the composite was verified as the interface
coupling between the piezoelectric and ferrite phases. The interface coupling could be
varied by using different dopants and controlling dopant concentrations. However, the
magnetoelectric coefficient in CFO/PZT is lower than that in NFO/PZT samples,
which is attributed to the poor interface coupling.[189] The inhomogeneous intersurface chemical reactions between constituents during the sintering dominate the
interface coupling parameter in laminate ceramics. Another remarkable difference
between the laminate and particulate composite ceramics is that the laminate ceramics
exhibit much larger anisotropy than the particulate ones. It was found that the strength
of magnetoelectric coupling can be different along the x, y and z axes.[190] Data on the
H dependence of E for nickel zinc ferrite (NZFO) and PZT shows that the x-y
magnetoelectric coupling effect yields a maximum value up to one order of magnitude
higher than the one along the z direction. The dependence of the x-y and the z
magnetoelectric voltage coefficients on the magnetic bias field is qualitatively
different, with much higher bias fields required for peak z than for peak x-y
magnetoelectric voltage coefficients. The x-y coefficient is much higher than the z
value due to the absence of demagnetization effects. Furthermore, the strong
piezomagnetic coefficient for in-plane magnetic fields is the cause of the giant x-y
magnetoelectric coefficients.[191-193]

1.4 Applications
1.4.1 Magnetic Field Sensors
Multiferroic materials can be used to design magnetic sensors.[194-200] The magnetic
phase in multiferroic composites responds to the external magnetic field, which, in
turn, induces a proportional charge in the ferroelectric phase in the materials. The
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small charge density can be identified by a current detector. Highly sensitive magnetic
field sensors can be obtained by using multiferroic materials with large
magnetoelectric coefficients. The multiferroic materials can be employed as magnetic
probes for both ac and dc fields.

1.4.1.1 ac Magnetic Field Sensors
Figure 1.5 shows a voltage induced across the two ends of a lead magnesium
niobate − lead titanate (PMN-PT) layer in a push-pull magnetoelectric TerfenolD/PMN-PT/Terfenol-D three layered laminate as a function of ac magnetic field (Hac)
at drive frequencies of 1 and 77.5 kHz in a given dc field.[201] It was found that the
voltage had a linear response to ac field in the field range from 10-11 T to 10-3 T. An
enhancement in sensitivity to small magnetic field variations can be obtained when the
laminates were operated under resonance drive. The sensitivity was limited to 10-12 T.
This result demonstrates that the multiferroic materials have an ultra-high sensitivity
to small ac magnetic field.
The multiferroic multilayer configuration also enables ultra-low frequency
detection of magnetic field variations. The multilayer structure is shown in Figure
1.6(a). This configuration can enhance the low-frequency capability of devices due to
its high magnetoelectric coupling and large capacitance. Figure 1.6(b) shows the
voltage as a function of frequency for multilayered Terfenol-D/PMN-PT
magnetoelectric (ME) laminates at 100, 1, and 0.01 Hz.[202] It was found that even a
small magnetic field variation of around 10-7 T can be detected in this case.
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Figure 1.5 Voltage feedback induced by ac magnetic field (Hac) in magnetoelectric
structure of the two ends of a PMN-PT layer in push-pull magnetoelectric TerfenolD/PMN-PT/Terfenol-D three layered laminate. The inset shows Hac as a a function of
time for f = 77.5 kHz.[201]

Figure 1.6 (a) Multiferroic multilayer structure; (b) ME voltage as a function of ac
magnetic field for multilayered Terfenol-D/PMN-PT ME laminates at different
frequencies.[202]
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1.4.1.2 dc Magnetic Field Sensors
dc magnetic field variations can also be detected by multiferroic multilayered
composites.[203-205] Actually, the magnetoelectric laminate of Terfenol-D and PZT is
quite sensitive to small dc magnetic field variations, when operated under a constant
amplitude ac magnetic field. For constant amplitude low frequency drive, the
sensitivity is limited to about 10-7 T. However, the sensitivity can be enhanced to 10-8
T at the resonant drive. \ 10-8 T sensitivity has been reported for a multiferroic
multilayer Terfenol-D/PZT sample for small dc magnetic field variation.[203]

1.4.1.3 Magnetoelectric Current Sensors
The other application of magnetoelectric composite as a sensor in magnetic field is
in electric current sensors. A straight wire carrying ac or dc current can excite an ac or
dc vortex magnetic field around this wire. The ring-type multiferroic materials,
therefore, are ideal candidates for vortex magnetic field detection or electric current
detection. Figure 1.7 illustrates a ring-type multiferroic composite used as an electric
current sensor. The multiferroic laminate has been made of circumferentially
magnetized Terfenol-D and PZT.[206, 207] The magnetoelectric coefficient can reach up
to 5.5 V/cm·Oe at a frequency of 1 kHz in a vortex magnetic field. Figure 1.7(b)
shows the voltage response to a square-wave current passing through the wire.
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Figure 1.7 (a) Structure of multiferroic multilayer current sensor, (b) the voltage
response to a square-wave current passing through the sensor.[206]

1.4.2 Memory Devices
In the case of memory devices, multiferroic materials that can be integrated into
semiconductor devices are of great interest, not only in high-density ferroelectric
memory devices (FeRAM) and ferroelectric field-effect transistors (FeFET-RAM), but
also in the concept of four-state memories.[208-210]
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The main application of multiferroic materials in memory technology involves
integration with semiconductors. For memory applications, normally ferroelectric thin
films are deposited on metallic electrodes (acting as capacitors) and on the
semiconductor (gate-dielectric), forming the non-volatile memory structure.[211] In the
case of multiferroic materials, due to the coexistence of magnetic and ferroelectric
properties, the concept of four-state memory logic devices has been proposed, based
on depositing multiferroic thin films on single crystal oxide substrate.[212] Some
devices based on this idea have been reported in previous work. However, most of the
studies have investigated the ferroelectric properties of multiferroic/semiconductor
structures, with the magnetic properties being addressed in only a few works.
Many multiferroic materials have been proposed as promising materials for metalmultiferroic (ferroelectric)-semiconductor structures to realize high-density FeRAM.
YMO3 and BiFeO3 have attracted great interest because they have no interaction with
a semiconductor, e.g. silicon, substrate and because of their low dielectric constants. It
was reported that a large increase in the memory window was observed in a YMnO3
film deposited on Si substrate.[213] The film showed good crystallinity with a preferred
c-axis orientation. Ar-post-annealing was found to efficiently decrease the current
leakage density. A double layer structure of YMnO3 was fabricated on Si(100)
substrate.[214] The top layer YMnO3 film is c-axis oriented, with a thickness of 60 nm,
and the bottom film is a polycrystalline film with a thickness of 40 nm. This bilayered YMnO3 structure showed an enhancement of its memory properties because
the top film has a unipolarization direction and the bottom polycrystalline film reduces
the leakage current. It has been reported that Y2O3 has the advantage as a buffer layer
that Y atoms can minimize the influence of interfacial SiO2 and promote epitaxial
growth of the YMnO3 layer.[215] Based on this proposal, a buffer layer of yttrium oxide
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with 20-30 nm thickness was deposited on Si (111) substrates followed by epitaxial
YMnO3 thin films. The films were than annealed in oxygen atmosphere at 1173 K in
order to improve their quality. The C-V characteristics and memory window were
improved upon annealing at the high temperature of 1100 K. Moreover, the leakage
current was found to be smaller compared to that of bulk samples. The integration of a
ferroelectric material and a wide-gap semiconductor was also of interest because of
the device’s high electron mobility, high breakdown voltage, and high thermal and
chemical stability. Compared to traditional semiconductor materials such as Si, GaN
and ZnO are considered to be good candidates for integration with YMnO3, because
they have hexagonal structure with small in-plane lattice mismatch.[216] Using the
pulsed laser deposition method, In/YMnO3/GaN and YMnO3/GaN heterostructures
have been successfully fabricated.[216,

217]

Both reduction of leakage current and

interface interactions have been studied. These heterostructures can have benefits for
potential device applications. YMnO3 thin films with hexagonal structure were also
deposited on ZnO single crystal substrates.[218] The films exhibited both
ferroelectricity and frustrated magnetic properties. The multiferroicity observed in
YMnO3/ZnO films was expected to be suitable for application in memory devices
based on strain and bonding effects on the interface.
Multiferroic thin-film capacitors can also be integrated with a conventional
semiconductor device for realizing high-density memories. The metal-multiferroicmetal structure can be considered as a good platform for such integrations. Because
stoichiometric YMnO3 has the c-axis unipolarization direction, as discussed before,
highly c-axis orientated YMnO3 thin films were spin-coated on Pt/TiO2/SiO2/Si
substrate in order to investigate mutual effects between the multiferroic and the
semiconductor.[219] The dielectric constant of these 400 nm thick YMnO3 films was
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found to be 25.5 at 100 kHz. The remnant polarization and coercive field were 2.2
µC/cm-2 and 110 kV/cm, respectively.[220,

221]

The metal-organic chemical vapour

deposition (MOCVD) method was also employed to fabricated the same structure, and
the remnant polarization and coercive field were found to be 2 µC/cm-2 and 10 kV/cm,
respectively.[222]
In this work, various single-phase multiferroic compounds, including La doped
NdCrO3, BiFeO3, La/Cr doped BiFeO3, Bi2Fe4O9, Bi2FeMnO6, and La doped DyFeO3,
have been studied systematically. The initial aim is to study the doping effects and
size effects on multiferroic properties in these compounds. Different synthesis
methods, such as hydrothermal technique, solid-state reaction, and electrospray,
yielding phase pure multiferroic compounds were developed to study the doping effect.
It is expected that (1) magnetoelectric coupling can be enhanced in the candidate
multiferroic materials by transition metal and/or rare earth dopants; (2) the ordering
temperature of these multiferroic materials can be increased by doping effects; (3) the
interaction modes between magnetic atoms can be revealed in these multiferroic
materials; and (4) multiferroic properties can be enhanced in the candidate materials in
forms of nanoparticle and thin film. These investigations are expected to promote the
development of multiferroic materials in their fundamental understanding as well as
potential applications.
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Chapter 2. Experiments

2.1 Materials Fabrications
2.1.1 Solid state reaction
Solid state reaction is a chemical reaction system in the absence of a solvent. In a
typical solid state reaction process, the reactants are first mixed in a mortar and
pressed into pellets at high pressure. Then, the pellets are sintered in furnace. After
that, the products are crushed, ground, pressed into pellets, and sintered again several
times.

2.1.2 Hydrothermal synthesis
The hydrothermal method is a typical wet-chemical synthesis process. This process,
where aqueous solutions, vapours, and fluids react with solid materials at high
temperature and high pressure, is a well known process in the fields of mineralogy and
geology for formation of minerals. The method exploits the solubility of almost all
inorganic substances in solutions at high temperatures and pressures, and the
subsequent crystallization of dissolved material from the fluid. The properties of the
reactants, including their solubility and reactivity, change at high temperature, which
will result in formation of materials that are difficult to obtain by conventional
methods. Generally, the hydrothermal reaction takes place in Teflon lined stainless
steel autoclaves. The reactants (mixtures) are sealed in the autoclaves. After reacting
at a certain temperature, the mixtures in the autoclaves are allowed to cool down to
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room temperature. The products are normally collected after being washed several
times with distilled water and methanol in order to remove impurities.

2.1.3 Electrospray Deposition
The electrospray method is used for preparation of self-dispersed fine liquid
aerosols by an external electric field. High voltage is applied to a liquid supplied
through an emitter (usually a capillary tube). The liquid droplets form when the liquid
reaches the emitter tip. The ultra-fine aerosol of liquid will form in the high voltage
field due to Coulomb repulsion.
The electrospray system consisted of a substrate holder with a heating element (up
to 1073 K), a stainless steel capillary tube with an inner diameter of 160 μm, a
solution tank, and a high voltage source (HV, up to 20 kV). The capillary tube was
connected to the positive terminal of the HV, while the substrate holder was connected
to the negative terminal of the HV. The distance between the substrate and the tip of
the capillary tube was 5 cm. The spraying voltage was 16 kV. The temperature of the
substrate holder was varied from room temperature to 773 K. The emission speed of
the liquid was set from 1 ml/h to 5 ml/h.

2.2 Sample Characterizations
2.2.1 X-ray diffraction (XRD) and XRD refinement
X-ray diffraction (XRD) is one of the X-ray scattering techniques, which are nondestructive analytical technique revealing information about the crystallographic
structure, chemical composition, and physical properties of materials. XRD is based
on constructive interference of monochromatic X-rays and a crystalline sample. The
monochromatic X-rays are generated by a cathode ray tube, filtered to produce
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monochromatic radiation, collimated to concentrate them, and directed toward the
sample. The interaction of the incident rays with the sample produces constructive
interference (and a diffracted ray) when conditions satisfy Bragg's Law (nλ = 2d sin θ).
This law relates the wavelength of electromagnetic radiation (λ) to the diffraction
angle (θ), and the lattice spacing (d) in a crystalline sample. These diffracted X-rays
are then detected, processed, and counted. By scanning the sample through a range of
angles (2θ), all possible diffraction directions of the lattice should be attained, due to
the random orientation of the powdered material. Conversion of the diffraction peaks
to d-spacings allows identification of the mineral because each mineral has a set of
unique d-spacings. Typically, this is achieved by comparison of d-spacings with
standard reference patterns.
In this work, all XRD measurement was performed in the step-scanning mode θ 2θ by using a GBC MMA diffractometer with a Cu-Kα radiation source (λ = 1.5418
Å). Typically, diffraction data was collected from 10º – 90º in a step width of 0.02º.

2.2.2 Raman spectroscopy
Raman spectroscopy is an important technique which can be used for chemical
identification, characterization of molecular structures, and effects of bonding,
environment, and stress on the samples. Based on a light scattering technique, Raman
measurement can be considered as a process where a photon of light interacts with the
molecule or lattice (phonon) in a sample to produce scattered radiation of different
wavelengths.
In the measurement, monochromatic radiation is incident upon a sample and will
interact with the lattice (phonons) in the following ways: the light may be reflected,
absorbed, or scattered. Raman spectroscopy measurement is based on the analysis of
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radiation scattered by the molecules. Several components can be found in light
scattered from a molecule: the Rayleigh scattering, and the Stokes and Anti-Stokes
Raman scattering. The scattering process without a change of frequency is called
Rayleigh scattering. A change in the frequency (wavelength) of the light is called
Raman scattering. Raman shifted photons of light can be either of higher or lower
energy, depending upon the vibrational state of the molecule. If the frequency
(wavelength) of the scattered radiation is analyzed, not only is the incident radiation
wavelength seen (Rayleigh scattering), but also a small amount of radiation that is
scattered at some different wavelength (Stokes and Anti-Stokes Raman scattering).
(Only a proportion of ~1 × 10-7 of the scattered light is Raman). It is the change in
wavelength of the scattered photon which provides the chemical and structural
information on materials. In molecular systems, these frequencies are principally in
the ranges associated with rotational, vibrational, and electronic level transitions.
Through Raman spectroscopy, we can obtain structural information, such as on bond
vibrations, which is useful to analyze the multiferroicity induced by the structural
distortion.

2.2.3 Scanning electron microscopy (SEM)
The scanning electron microscope (SEM) is a type of electron microscope that
images the sample surface by scanning it with a high-energy beam of electrons. It
consists of an electron optical column, a vacuum system, and various electronics. The
electron gun at the top of the column produces a high-energy electron beam, which is
focused into a fine spot (< 4 nm in diameter) on the specimen. This beam is scanned in
a rectangular raster pattern over the specimen. Secondary electrons are produced on
the specimen surface and are detected by a suitable detector. The amplitude of the
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secondary electron signal varies with time according to the topography of the
specimen surface. Then, the signal is amplified and used to display the corresponding
specimen surface information.
In the SEM, the magnification is totally determined by the electronic circuitry that
scans the beam over the specimen’s surface. Magnification can be high as 300,000×,
which is usually more than sufficient. In principle, the resolution of a SEM is
determined by the beam diameter on the surface of the specimen. However, the
practical resolution depends on the properties of the specimen, the specimen
preparation technique, and also on many instrumental parameters, such as the beam
intensity, accelerating voltage, scanning speed, distance of the lens from the
specimen’s surface, and the angle of the specimen with respect to the detector. Under
optimum conditions, a resolution of 1 nm can be achieved.

2.2.4 Transmission electron microscopy (TEM)
Transmission electron microscopy (TEM) is a microscopy technique utilizing a
high energy electron beam (e-beam) that is transmitted through an ultrathin specimen
and imaging the internal structure of the specimen by collecting the signal of the
interaction between the specimen and the e-beam. TEMs are capable of imaging at a
significantly high resolution, owing to the small de Broglie wavelength of electrons.
This enables the instrument's user to examine fine detail − even as small as a single
column of atoms. A TEM, like an SEM, has four main components, which are an
electron optical column, a vacuum system, the necessary electronics, and the software.
The column is the crucial item. It comprises the electron gun, which is built to
generate a high energy e-beam. In the observation, the beam emerging from the gun is
condensed into a nearly parallel beam at the specimen by the electromagnetic

53

condenser lenses and, after passing through the specimen, is projected as a magnified
image of the specimen onto the fluorescent screen at the bottom of the column. The
image on the fluorescent screen can be observed through a large window in the
projection chamber or in a computer display.

2.2.5 Energy-dispersive X-ray spectroscopy (EDS)
Energy-dispersive X-ray spectroscopy (EDS) is an analytical technique used for the
elemental analysis or chemical characterization of a sample. It is one of the variants of
X-ray fluorescence spectroscopy, which relies on the investigation of a sample
through interactions between electromagnetic radiation and matter, analyzing X-rays
emitted by the matter in response to being hit by electrons. Its characterization
capabilities are due in large part to the fundamental principle that each element has a
unique atomic structure, allowing X-rays that are characteristic of an element's atomic
structure to be identified uniquely from one another.
An EDS system is comprised of three basic components, the X-ray detector, the
pulse processor, and the analyser, that must be designed to work together to achieve
optimum results. In practice, the X-ray detector first detects and converts X-rays into
electronic signals. Then, the pulse processor measures the electronic signals to
determine the energy of each X-ray detected. Finally, the analyser displays and
interprets the X-ray data.
In this work, all EDS analysis was performed by using the EDS system supplied
with the JEOL-7500 SEM.
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2.2.6 Scanning probe microscopy (SPM)
Scanning probe microscopy (SPM) technique covers lateral imaging on scales
ranging from several 100 µm to 10 pm. Surfaces of solids can be mapped with atomic
resolution, revealing not only the structure of perfect crystalline surfaces, but also the
distribution of points defects, adsorbates, and structural defects. SPM has become an
essential tool in the emerging field of nanoscience and nanotechnology. During the
past several decades since the invention of the SPM, its applications have grown from
the conventional topographic imaging to electrical, magnetic, and piezo surface
characterization. In this thesis, several SPM techniques have been used to characterize
the surface properties of multiferroic materials, including single crystals and thin films,
using an Asylum Research MFP-3D scanning probe microscope.

2.2.6.1 Atomic force microscopy (AFM)
Atomic force microscopy (AFM) is a very high-resolution type of scanning probe
microscopy. It demonstrates a resolution on the order of several Å, which enables
people to observe, measure, and manipulate the topography of a sample on the
nanoscale. The working principle of AFM is gathering surface information through
the interaction between the surface and a mechanical probe during the measurement.
During the measurement, the probe is maintained in close contact with the sample
surface by a feedback mechanism as it scans over the surface. The vertical movements
of the probe, due to the surface structural fluctuation, are recorded as the sample
topography. Various probes have been developed for different tasks, however, the
most commonly used are microfabricated silicon (Si) or silicon nitride (Si3N4)
cantilevers with integrated tips. The radius of the tip typically varies from 5 to 20 nm,
but the radius of a high-resolution tip can be less than 1 nm.
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2.2.6.2 Kelvin probe force microscopy (KPFM)
As one of the SPM techniques, Kelvin probe force microscopy (KPFM) is used to
determine the difference between the potential of the probe and that of the sample.
The data collected by this method will represent a combination of three contributing
factors: the work function difference, trapped charge, and any permanent or applied
voltage between the tip and the sample. For this reason, the technique is generally
considered a pseudo-quantitative technique, in that is given an accurate measurement
of the potential difference, but that number likely consists of more than one physical
quantity.
The technique relies on an AC bias applied to the tip to produce an electric force on
the cantilever that is proportional to the potential difference between the tip and the
sample. There is no mechanically induced drive (such as with a drive piezo in standard
AC mode imaging or in Electric Force Microscopy). The only oscillations that the
probe has will be induced by an applied AC bias.
An AC bias applied between the tip and the sample produces an electrostatic force
between the two. If they are modelled as a parallel plate capacitor, then the force
between the two plates is proportional to the square of the applied voltage:
F

1 ∂C
V
2 ∂z

The total potential difference between the probe and the sample is the sum of the
applied AC bias (Vac), the potential difference we are trying to measure (Vsp), and any
DC voltage we wish to apply (VDC).
F

V

VDC

V sin ωt

Then, the force can be expressed as:
F
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V sin ωt

1
V
2

cos 2ωt

Note that there are three force terms here summed together. The first one is static,
meaning that it has no frequency dependence. The second one occurs at the AC
voltage drive frequency, ω. The third force oscillates at twice the drive frequency. The
most important term here in terms of surface potential is the second force term, since
this depends not on the square of the voltage, but rather on the potential difference
between the tip and the sample, multiplied by the magnitude of the applied AC voltage.
This means that if there is a potential difference between the tip and the sample, then
when an AC voltage is applied, there will be a oscillatory force at the frequency of the
drive and proportional to the magnitude of the applied voltage, and also proportional
to the potential difference.
In the measurement, the controller unit tries to make VDC = Vsp, with a potential
feedback loop between the tip and the sample, so that the oscillations at ω will be
nulled. The probes used in KPFM are generally conductive, as the bias is applied to
the tip. Two scanning-mode techniques are used in practice. The first scan is used to
determine the topography of the surface, and is done exactly like a standard AC mode
AFM measurement. The second scan is used to find the surface potential by raising
the tip to the point of nulled potential above the surface.

2.2.7 Dielectric properties analysis
The dielectric properties analysis in this work was conducted by using an HP
4194A Impedance/Gain-Phase Analyzer. The HP 4194A Impedance/Gain-Phase
Analyzer is an integrated solution for efficient measurement and analysis or go/no-go
testing of components and circuits.

Detailed impedance and transmission

characteristics, including secondary parameter derivations, can be simply and quickly
evaluated or tested. This system features a wide test frequency range from 100 Hz to
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40 MHz for impedance measurement and 10 Hz to 100 MHz for gain-phase
measurement, which satisfies all the requirements for the materials prepared in this
work.
2.2.8 Physical properties measurement system (PPMS)
The physical properties measurement system (PPMS, Quantum Design) is an open
architecture. It is a variable temperature-field system, designed to perform a variety of
automated measurements. Sample environment controls include fields up to ± 14 T
and a temperature range of 1.9 - 400 K.
2.2.8.1 Heat capacity measurement
Measurement of the heat capacity of solids can provide considerable information
on the lattice, and the electronic and even magnetic properties of materials. A heat
capacity measurement, particularly when conducted at temperatures that are well
below the Debye temperature, directly probes the electronic and magnetic energy
levels of a material and hence allow comparisons between theory and experiment.
The PPMS heat capacity option measures the heat capacity at constant pressure

CP

Q .
T P

As with other techniques for measuring heat capacity, the PPMS heat capacity
option controls the heat added to and removed from a sample while monitoring the
resulting change in temperature. During a measurement, a known amount of heat is
applied at constant power for a fixed time, and then this heating period is followed by
a cooling period of the same duration.
A platform heater and platform thermometer are attached to the bottom side of the
sample platform. Small wires provide the thermal connection and structural support

58

for the platform. The sample is mounted to the platform by using a thin layer of grease,
which provides the required thermal contact to the platform.
The PPMS high-vacuum option provides a sufficient vacuum that the thermal
conductance between the sample platform and the thermal bath (puck) is totally
dominated by the conductance of the wires. This gives a reproducible heat link to the
bath with a corresponding time constant large enough to allow both the platform and
the sample to achieve sufficient thermal equilibrium during the measurement.

2.2.8.2 Vibrating sample magnetometer (VSM)
The vibrating sample magnetometer (VSM) option in the PPMS is a fast and
sensitive DC magnetometer. The basic measurement is accomplished by oscillating
the sample near a detection coil and synchronously detecting the voltage induced. By
using a compact gradiometer pick-up coil configuration, a relatively large oscillation
amplitude (1-3 mm peak), and a frequency of 40 Hz, the system can resolve
magnetization changes of less than 10-6 emu at a data rate of 1 Hz.
The VSM option for the PPMS consists primarily of a VSM linear motor transport
(head) for vibrating the sample, a coil-set puck for detection, electronics for driving
the linear motor transport and detecting the response from the pick-up coils, and
software for automatic control.
The VSM option can be used to measure the magnetization dependence on external
magnetic field (M-H curves) and magnetization temperature dependence (M-T) curves
for materials.
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2.2.9 Magnetic properties measurement system (MPMS)
The magnetic properties measurement system (MPMS-XL, Quantum Design)
sample magnetometer is used for magnetic characterization of materials, based on
superconducting quantum interference device (SQUID) technology. The MPMS-XL
provides solutions for a unique class of sensitive magnetic measurements in key areas
such as high-temperature superconductivity, biochemistry, and magnetic recording
media. The MPMS-XL used in this work offers high homogeneity magnet
configurations within a range of ± 5.0 T. The environment temperature range is from
4.2 K to 310 K.
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Chapter 3. Structure, Magnetic and Thermal Properties of
Nd1-xLaxCrO3 (0 ≤ x ≤ 1.0)

3.1 Background
Rare-earth (RE) transition-metal (TM) oxide compounds with perovskite ABO3
structure have been attracting renewed attention in connection with the discovery of
high critical temperature (Tc) superconductivity, colossal magnetoresistance, and
multiferroicity. Recently, REMnO3 compounds have been studied extensively due to
their interesting strong coupling between the lattice, charge, and spin, which leads to
colossal magnetoresistance.[1-3] Moreover, novel multiferroicity, that is, the coupling
of electric polarization and magnetism, has been observed in some REFeO3 and
REMnO3 compounds.

[4-5]

The structural, electrical, and magnetic properties of

RECrO3 compounds have been studied as well. Based on the dependence of their
resistivity on temperature and polarization, DyCrO3, HoCrO3, YbCrO3, and LuCrO3 [610]

were predicted to show ferroelectric ordering due to distorted CrO6 polyhedra.

LaCrO3 has been found to be highly conductive at high temperature, which would be
useful in fuel cells. [11-12]
As one of the typical RECrO3 compounds, NdCrO3 crystallizes in an
orthorhombic structure with space group Pnma. The Nd3+ ions are located in the
spaces between CrO6 octahedra. Magnetic ordering of Cr3+ ions was observed at the
Nèel temperature, TN = 219 ± 1 K. The magnetic structure is antiferromagnetic (AFM)
with net moment from the canted spin arrangement, whereby Cr3+ ions are
antiferromagnetically coupled to the nearest Cr3+ ions. [13] The magnetic ordering of Cr
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undergoes a spin reorientation phase transition (SRPT) at a characteristic temperature,
TSRPT = 35.1 K. A neutron diffraction study has shown that the Nd-Cr interaction is
able to polarize the Nd sub-lattice at temperatures below TSRPT. [14] Nd3+ single-ion
anisotropy was found to play an important role in the low-temperature magnetic
properties, which results in a Schottky anomaly. The splitting of the Nd3+ ground
doublet in NdCrO3 was calculated to be ΔE/kB = 25.9 K at 34 K, where ΔE is the split
in energy and kB is Boltzmann’s constant, by optical spectroscopy measurements.
However, very few studies of doping effects on NdCrO3 have been conducted that
focus on the magnetic and thermal properties.
Generally, substitutions on RE or TM sites in RETMO3 compounds will result in
alterations to the crystal field, and consequently, the interactions between RE and TM
ions and their electron configurations will be changed. Thus, the substitution of
magnetic RE3+ ions provides a direct approach to study the interactions and electron
configurations in RETMO3 compounds. The strengths of TM-TM, RE-TM, and RE-RE
interactions in RETMO3 were found to observe a descending order, which depends on
the electron configuration, the bonding strength, the bond lengths, and the bond angles.
Unlike the electron configuration of Nd3+ ions (4f3), the outermost shell of La3+ ions is
fully occupied in the configuration 5s2p6. Moreover, the radius of the La3+ ion is 1.061
Å, which is greater than that of the Nd3+ ion (0.995 Å). The crystal structure and
electrical properties of La doped NdCrO3 have been studied by neutron diffraction.1516

However, to the best of our knowledge, the magnetic and thermal properties of Nd1-

xLaxCrO3

have not been reported. Doping La into NdCrO3 provides a good system to

study the effects of non-magnetic dopants on the structural, magnetic, and thermal
properties of RECrO3 compounds, and is expected to provide direct evidence of
interactions among the magnetic cations.
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In this chapter, a detailed and systematic study of the structural, magnetic, and
thermal properties of Nd1-xLaxCrO3 (0.0 ≤ x ≤ 1.0) has been carried out. The main
goal of this paper is to provide comprehensive information on the influence of nonmagnetic dopants on the structural, magnetic, crystal field, and thermal properties of
NdCrO3. Structural study indicates that the lattice parameters, and the Cr-O bond
lengths and angles vary along with the doping level of La3+. Detailed measurements of
the magnetic properties reveal that the Cr-Cr interaction is enhanced by La3+ doping.
The observed weak ferromagnetic moment is possible due to canting of the
antiferromagnetically ordered Cr3+ moments. The electron configurations of Cr3+ and
Nd3+ have been investigated by Curie-Weiss fittings. Heat capacity measurements (x=
0.0, 0.5 and 1.0) are reported for this system for the first time, and they show clear
features for the transitions at TN and TSRPT (from separation of different contributions
to heat capacity). The low temperature Schottky anomalies are also discussed in detail.
The Nd-Cr interaction is found to be depressed by La doping.

3.2 Structural Properties
All compounds of Nd1-xLaxCrO3 were synthesized as well-crystallized singlephase powders (Figure 3.1). All the diffraction peaks can be indexed well with an
orthorhombic perovskite structure by Joint Committee on Powder Diffraction
Standards (JCPDS) Card No. 88-0695. Rietveld refinement was carried out to
calculate the lattice parameters, bond lengths, and bond angles. The calculation results
are shown in Table 4.1. The lattice parameters a, b, and c, as well as the Cr-O bond
lengths from refinement results, are plotted in Figure 3.2. Cr-O (1) is the bond along
the c direction while Cr-O (2) and Cr-O (3) are the bonds in the ab plane. Lattice
parameter a is reduced, while b and c are increased as the La doping level rises.
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Overall, the lattice expands as a result of La substitution. The Cr-O bond lengths and
angles also vary sequentially with the different doping levels. The La doping leads to
increased Cr-O (1) bond lengths, but decreased Cr-O (2) and Cr-O (3) bond lengths,
and increased Cr-O-Cr (along the c direction) bond angles up to nearly 180o (for x ≥
0.5). The ionic radii, r, of La3+ and Nd3+ are 1.061 Å and 0.995 Å, respectively. Thus
the increase in the unit cell with La doping can be attributed to the different sizes of
the La3+ and Nd3+ ions. The Goldschmidt tolerance factor, t, is given by
t = (rA + rO ) /[ 2 (rB + rO )] for ABO3 compounds.

[17]

The value of t for Nd1-xLaxCrO3

samples increases from 0.882 to 0.907 as the value of x increase from 0 to 1,
indicating that the crystal structure becomes less distorted from that of ideal
perovskite as a result of La doping.
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(a)

(b)

Figure 3.1 Measured and calculated XRD patterns for selected samples (x = 0.0 and
1.0). All the samples are indexed well by JCPDF Card No. 88-0695. The dashed lines
are experimental data, while the solid lines are the calculation results. The vertical
bars indicate the peak positions that are calculated by refinement, and the bottom solid
lines indicate the differences between experimental and calculation results.
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Table 3.1 XRD Rietveld refinement calculation results for Nd1-xLaxCrO3 (0 ≤ x ≤
1.0).
Atom

Position

X

y

z

B

x= 0.0, a= 5.480(1) Å, b= 7.699(5) Å, c= 5.425(6) Å, α= β= γ= 90o, RWP= 13.2%, RP=
9.1%
Nd
4 (c)
0.042(4)
0.25
0.004(5) 0.6
Cr
4 (b)
0
0
0.5
0.6
O (1)
4 (c)
0.479(5)
0.25
0.086(7) 0.6
O (2)
8 (d)
0.295(5)
0.042(9)
-0.239(6) 0.6
x= 0.2 , a= 5.476(1) Å, b= 7.715(3) Å, c= 5.438(8) Å, α= β= γ= 90o, RWP= 14.1%, RP=
10.3%
Nd
4 (c)
0.038(9)
0.25
0.003(7) 0.6
La
4 (c)
0.038(9)
0.25
0.003(7) 0.6
Cr
4 (b)
0
0
0.5
0.6
O (1)
4 (c)
0.481(1)
0.25
0.085(1) 0.6
O (2)
8 (d)
0.288(3)
0.041(0)
-0.234(1) 0.6
x= 0.5, a= 5.475(9) Å, b= 7.737(1) Å, c= 5.465(3) Å, α= β= γ= 90o, RWP= 10.7%, RP=
7.4%
Nd
4 (c)
0.032(5)
0.25
0.002(1) 0.6
La
4 (c)
0.032(5)
0.25
0.002(1) 0.6
Cr
4 (b)
0
0
0.5
0.6
O (1)
4 (c)
0.485(2)
0.25
0.081(6) 0.6
O (2)
8 (d)
0.287(9)
0.039(5)
-0.233(5) 0.6
x= 0.8, a= 5.476 (9) Å, b= 7.751(5) Å, c= 5.499(6) Å, α= β= γ= 90o, RWP= 10.2%, RP=
7.1%
Nd
4 (c)
0.029(2)
0.25
0.001(3) 0.6
La
4 (c)
0.029(2)
0.25
0.001(3) 0.6
Cr
4 (b)
0
0
0.5
0.6
O (1)
4 (c)
0.485(1)
0.25
0.074(1) 0.6
O (2)
8 (d)
0.278(1)
0.039(7)
-0.227(6) 0.6
x= 1.0, a= 5.478(6) Å, b= 7.757(3) Å, c= 5.514(7) Å, α= β= γ= 90o, RWP= 12.6%, RP=
8.5%
La
4 (c)
0.024(1)
0.25
0.000(9) 0.6
Cr
4 (b)
0
0
0.5
0.6
O (1)
4 (c)
0.489(9)
0.25
0.071(5) 0.6
O (2)
8 (d)
0.273(2)
0.038(2)
-0.221(7) 0.6
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(a)

(b)

Figure 3.2 Structural parameters as determined from Rietveld refinement of XRD
data for Nd1-xLaxCrO3 (0.0 ≤ x ≤ 1.0): (a) Lattice parameters as a function of x value;
(b) the Cr-O bond length as a function of doping level in the samples: Cr-O (1) is the
bond along the c direction while Cr-O (2) /(3) are the bonds in the ab plane.
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3.3 Raman Study

(a)

(b)
Figure 3.3 Effect of La doping on the Raman spectra of Nd1-xLaxCrO3 (0.0 ≤ x ≤ 1.0)
at room temperature: (a) Raman spectra for samples with different doping levels.
Seven vibration modes have been identified in the spectra. (b) Raman shift as a
function of doping level for vibration modes in the samples.
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Considering the relatively weak oxygen contribution to the structure factors in
XRD analysis, Raman spectroscopy was carried out to search for possible disorder
effects in the light anion sublattice. Raman spectroscopy analysis of Nd1-xLaxCrO3 (0
≤ x ≤ 1.0) was performed in a wavenumber range from 100 cm-1 to 2000 cm-1, with
special attention to the vibrational bands that are most affected by oxygen motion.
Figure 3.3 shows the Raman spectra of orthorhombic phase samples as obtained with
xx(Ag), yy(Ag), zz(Ag), x′x′(Ag+Bg), xz(B2g), and yx′(B1g+B3g) scattering configurations
at room temperature. The irreducible representation of the Raman modes for the
perovskite orthorhombic Pnma structure at the centre of the Brillouin zone is given by:
[18]

Γ = 7 Ag + 5B1g + 7 B2 g + 5B3 g

(1)

Eq. (1) shows that there are 24 Raman-active modes. There are four equivalent Cr3+
ions within the unit cell occupying sites with inversion symmetry. Hence, the Raman
spectra originate from optical modes wherein the chromium cations remain stationary.
[19]

In order to identify the Raman shift peaks for different La doped samples, the Nd1-

xLaxCrO3

Raman spectra were fitted in the range of 100−800 cm-1 by a Gaussian

fitting method. [20] Seven vibration modes have been identified (four Ag, two B2g, and
one B3g), which are indexed in Figure 3.3(a). The main atomic motions according to
the seven modes are ascribed to the O-Cr-O rotation and bending (Ag(2)), RE-O(1)
stretching (B2g(7)), CrO6 bending (B2g(5)), CrO6 breathing (Ag(5)), CrO6 stretching
(Ag(4)), CrO6 rotation (Ag(3)), and O2- in-plane-antistretching (B3g(2)), respectively. [21]
The wavenumbers (cm-1) of these vibration modes identified in the Raman spectra
were plotted as a function of x value for the Nd1-xLaxCrO3 samples, as shown in
Figure 3.3(b). Most of the Raman modes above 100 cm-1 show a frequency decrease
with increasing La doping level in Nd1-xLaxCrO3. Similar observations have been
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reported for some other perovskite compounds. [22-25] Features of the B2g(7), Ag(4),
and Ag(3) modes are associated with the vibration of oxygen ions. Their frequencies
decrease with increasing La content, because of the increase in the RE-O and Cr-O
force constants. The replacement of Nd3+ by La3+ leads to a slight distortion of the
crystal structure from the ideal perovskite structure and thus results in decreases in the
wavenumbers of the B2g(5) and Ag(5) modes with increasing x value. Only the Ag(2)
and B3g(2) vibration modes shift to higher wavenumbers with doping, which can be
explained by a two-phonon model. [26-27]

3.4 Magnetic Properties
The magnetic susceptibility, χ, as a function of temperature T from 10 K to 300 K
in magnetic field of H = 1000 Oe is plotted in Figure 3.4(a). Doping La into NdCrO3
reduces the magnitude of χ below the transition temperature and has a strong effect on
χ-T behaviour below the magnetic ordering temperature. With falling temperature, the
first magnetic ordering was observed at TN = 219.6 K for undoped NdCrO3, which is
attributed to the Cr3+ spin ordering. [28] It is found that TN increases linearly from 219.6
K for pure NdCrO3 to 291.3 K for LaCrO3. In Nd1-xLaxCrO3, the Cr3+ ions are
predominantly ordered antiferromagnetically with a small canting angle, which results
in a net moment starting to appear below TN. For the samples with x ≥ 0.5 at
temperatures below TN, χ continuously increases as the temperature is decreased. For
samples with x < 0.5, the χ-T curve shows an obvious drop below TN, giving a cusp at
T ≈ 180 K. Because the magnitude of χ is small and increases with decreasing
temperature, the Cr3+ spins align with high magnetic anisotropy below TN in the
samples with x ≥ 0.5, whereas the system is less anisotropic when x < 0.5. Between TN
and TSRPT, the Cr3+ moments are predominantly ordered atiferromagnetically and
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parallel to the c axis with a small canting angle, which results in a net moment along
the a axis. The Cr sub-lattice undergoes a long-range cooperative ordering transition,
as evidenced by a wide λ-shaped peak at TN that can be observed in the χ-T
measurements. Since La doping results in a larger unit cell volume, shorter in-plane
Cr-O bond lengths, and a nearly straight Cr-O-Cr (out-of-plane) bond, the Cr-Cr AFM
ordering is enhanced, resulting in decreasing χ and increasing TN in doped samples. A
second transition was observed at TSRPT = 37.6 K in the sample with x = 0.0. It was
found that TSRPT is depressed in the doped samples and disappears in the pure LaCrO3
sample within the measurement temperature range, as shown in the Figure 3.4(a) inset.
The magnetic susceptibility decreases in a corresponding way to the increasing value
of x. In NdCrO3, the high-T Γ2 (Fx, Cy, Gz) configuration of the Cr spin ordering
system discontinuously changes into the low-T Γ1 (Ax, Gy, Cz) configuration at TSRPT.
Since it has been verified that the Cr spin system is unaffected by the Cr-RE
interaction,

[23]

the only possible explanation for the decreased TSRPT is a distorted

crystal structure. Above TSRPT, the Nd3+ ions are polarized by the Cr-Nd exchange.
The extremely strong Cr-Nd coupling has been reported to be greater than the
corresponding coupling in the other RECrO3 compounds.

[23,28]

Because the total

angular momentum is J = 0 for La3+ ions, the La doping can reduce the magnetic
contribution of Nd3+ to the total magnetization. Therefore, decreased χ was observed
in the doped samples.
A Curie-Weiss law fitting of 1/χ vs. T above TN from 300 K to 350 K was carried
out to calculate the electron configurations of magnetic ions. Generally, the Curie
constant of the samples can be expressed as a function of the effective magnetic
moment as follows:
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C=

Nμ eff 2
3k B

(2)

where C is the Curie constant, N is the number of magnetic molecules, μeff is the
effective magnetic moment, and kB is the Boltzmann constant. For the pure LaCrO3
sample, only Cr3+ carries magnetic moment and only one transition temperature (TN)
has been observed. Therefore, the magnetic properties are dominated by the
interaction of Cr3+ ions. The total effective magnetic moments in LaCrO3 were
calculated to be ~ 3.213 μB/Cr3+, where μB is the Bohr magneton. The Cr3+ ions in
LaCrO3 have three localized 3d-electrons, which leads to a total possible spin quantum
number S with values 1/2 and 3/2. The possible µeff are 3.873 μB/Cr3+ for the high spin
state (HS), and 1.732 μB/Cr3+ for the low spin state (LS), respectively. By comparing
with calculated results from linear fitting of 1/χ−T curves, Cr3+ was found in HS in
LaCrO3. Since magnetic moment in the other Nd1-xLaxCrO3 samples (0 ≤ x ≤ 0.9) has
contributions from both Cr3+ and Nd3+ ions, the spin state of Nd3+ ions can be obtained
by subtracting the contribution of Cr3+ ions from the Curie-Weiss fitting results. It is
found that the net moment carried by RE3+ ions is from ~2.038 μB for x = 0.9 to ~2.7
μB for x = 0.0. Therefore, the decreasing magnetic moment of Nd1-xLaxCrO3 with
doping should be ascribed to substitution by non-magnetic La3+ ions and straightened
neighbouring CrO6 octahedra. The interaction between Nd and Cr will also be
influenced by doping as a result (to be discussed in more detail later). The
magnetization, M, as a function of magnetic field H up to 5 T at 10 K and room
temperature is plotted in Figure 3.4(b). Doping La into NdCrO3 depresses the
magnitude of M at 10 K. M is composed of two components in Nd1-xLaxCrO3 samples.
The first is characterized by linear behaviour in the H-T curve and is comparable to
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what is observed in pure LaCrO3 at 10 K; the second is a small ferromagnetic
component that saturates at a magnetic field of about 4 T. This result is consistent with
the χ-T measurement. At room temperature, all the samples show typical paramagnetic
behaviour.

(a)

(b)
Figure 3.4. Magnetic properties of Nd1-xLaxCrO3 (x = 0.0, 0.1, 0.2, 0.3, and 0.4)
samples: (a) magnetic susceptibility as a function of temperature (field cooled
measurement) over the temperature range from 10 K to 300 K in a magnetic field of
1000 Oe, with the inset showing the variation in the magnetic transition temperatures
with x; (b) magnetization as a function of field up to 5 T at 10 K.
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3.5 Heat Capacity
The temperature dependence (2 K < T < 300 K) of the heat capacity, Cp, measured
without magnetic field is shown in Figure 3.5 for the Nd1-xLaxCrO3 (x = 0.0, 0.5, and
1.0) samples. The overall shape of Cp(T) is generally consistent with the results of
prior work on pure NdCrO3. [28,29] The Cp of all the samples in the high temperature
(high-T) range follows the Dulong-Petit law, that is, the high-T limiting value is
consistent with the classical value of 3R per atomic site in the formula unit, where R is
the molar gas constant. The most notable Cp(T) feature at high-T is the clear λ-shape
anomalous peak at TN for all the samples. Note that the temperature range for the Cp-T
curves is well below the orthorhombic to rhombohedral phase transition observed at T
≈ 533 K for undoped LaCrO3. [30] Jumps in the heat capacity are evident for a longrange cooperative ordering transition. The λ-peak shifts to higher temperatures as the
doping level increases. The peak position corresponds to the ordering temperature TN.
Because the high-T Γ2 (Fx, Cy, Gz) configuration discontinuously changes into the lowT Γ1 (Ax, Gy, Cz) configuration at TSRPT,

[13]

an apparent spin reorientation phase

transition is also observed at TSRPT in the heat capacity curves, as shown in Figure
3.5(b-d). The low temperature (low-T) region (2 K < T < 20 K) is shown in more
detail in the upper inset of Figure 3.5. A clearly rounded peak with a maximum at Tmax
= 10 ± 3 K is predominant in the doped samples because of the Schottky anomaly, the
heat capacity anomaly at very low temperature due to energy splitting. [31,32] The Tmax
decreases as the x value increases. This indicates that both the systematic shift of the
λ-peak position at high-T and the decrease in the Schottky anomaly at low-T are due to
the non-magnetic La doping effect.
Figure 3.6 shows a magnified view of the 200 K < T < 300 K region for x = 0.0,
0.5, and 1.0, illustrating that the Cp anomaly shifts to higher temperatures as x
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increases. The anomaly at the ordering temperature apparently exhibits a well-defined
TN in magnetometry (see below). A smooth background has been extracted from all
the curves using a third-order polynomial fitting (excluding the region around TN) in
order to extract the excess magnetic heat capacity, ∆CP(T), as shown in Figure 3.6(b).
The magnitude of ∆CP(T) is found to be almost the same for all the samples. The
anomaly appears when a characteristic λ-shape peak is associated with a conventional
second-order paramagnetic to AFM phase transition. The magnetic entropy, SMag,
associated with the AFM ordering transition can be calculated from this plot, [33]

S Mag =

T2

ΔC p

T1

T

∫

dT

(3)

where T1 and T2 define a temperature range around TN, e.g., TN ± 25 K. The calculated
SMag are 0.457, 0.484, and 0.304 J mol-1K-1 for samples with x = 0.0, x = 0.5, and x =
1.0, respectively. The calculated SMag (e.g., 1.28 J mol-1K-1 for NdCrO3) is well below
the expected full spin entropy,

S Mag = R ln(2S + 1)

(4)

where S is the spin of Cr3+ ions in the samples, and R is the molar gas constant.
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(a)

(c)

(b)

(d)

Figure 3.5 (a) Temperature dependence of heat capacity (2 K< T< 300 K) of
selected samples with x = 0.0, 0.5, and 1.0. The inset is a magnified view of CP at
low temperature. (b), (c), and (d) are the temperature dependences of the magnetic
and thermal properties for the samples with x = 0.0, 0.5, and 0.1 from 2 K to 300
K, respectively.

Figure 3.6 (a) Expanded view of the heat capacity as a function of temperature for x =
0.0, 0.5, and 1.0 samples in the high-T range. (b) Excess magnetic heat capacity
extracted from heat capacity by subtracting a smooth background as described in the
text.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 3.7 Thermal properties for selected samples (x = 0.0, 0.5, 1.0) below 20 K: (a)
Heat capacity as function of temperature (open symbols). The solid line is the nonmagnetic contribution to CP. (b) Temperature dependence of the non-magnetic heat
capacity plotted as CP/T vs. T2. The solid lines are fits to CP(T) = γT + βT3. (c)
Schottky anomaly of the samples extracted by subtracting electronic and lattice
contributions from the heat capacity. (d), (e), and (f) are the fits to the Schottky
anomaly from a modified Schottky model at low temperature for x = 0.1, 0.5, and 0.0,
respectively. The open circles in the plots show the experimental results.
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The low-T region (2 K < T < 20 K) is shown in more detail in Figure 3.7. In order
to quantify the contributions to CP, the data are fitted by C P(T) = γT + βT 3 + C PMag (T) ,
where the γT term describes the electronic contribution, the β T 3 term describes the
lattice contribution, and C PMag (T ) is the extracted magnetic contribution to CP. The
electronic contribution, γ, is given in a free-electron model by γ = π 2 k B 2 N ( EF ) / 3 , where
N(EF) is the density of states at the Fermi level, and the lattice contribution, β, is given
in the Debye model by β = 234NkB / Θ D 3 , where N is the number of ions/mole and ΘD is
the Debye temperature. The non-magnetic (electronic + lattice) contributions are fitted
from 2 K to 45 K (excluding the region of the Schottky anomaly) using C P = γT + β T 3 ,
as indicated by the solid line in Figure 3.7(a). The fitting results are plotted as Cp/T vs.
T2 (Figure 3.7(b)) in order to examine each contribution to the specific heat. The
parameter γ extracted from the fitting is quite small, which indicates the existence of a
very small amount of free electrons. The Debye temperatures ΘD, estimated by the
term β, are 436 K, 473 K, and 544 K for the x = 0.0, 0.5, and 1.0 samples,
respectively. The overall magnitude (380-600 K) of the ΘD is the typical for ABO3
type perovskite oxides.

[34-36]

The magnetic contribution C PMag (T ) , therefore, can be

evaluated by subtracting the non-magnetic contribution (solid line in Figure 3.7(a))
from CP. The temperature dependence (2 K < T < 20 K) of the magnetic contribution
C PMag (T )

is plotted in Figure 3.7(c). It demonstrates that the magnetic contribution

C PMag (T )

decreases as the x value increases. This can be understood through the fact

that non-magnetic La3+ substitution reduces the total magnetic contribution to the Nd1xLaxCrO3

system. To separate the Nd3+ and Cr3+ contributions to C PMag (T ) at low-T is a

complicated task. Note that for x = 1.0 (LaCrO3), only Cr3+ ions carry magnetic

78

moment. The Schottky anomaly at low-T therefore can only be attributed to Cr3+ ions.
C PMag (T ) ,

therefore, can be fitted by a modified Schottky form: [29]

C PMag (T ) = (

n
ΔE 2 υ 0
) R(
)
N Cr
k B T υ1

exp( ΔE / k B T )

[1 + (

υ0
) exp( ΔE / k B T )] 2
υ1

(5)

where n/Ncr is the fraction of Cr sites contributing to CP, R is the molar gas constant,
∆E is the energy level splitting, and υ0/υ1 is the degeneracy ratio of ground state
splitting. The equation indicates that the CP-T curve at very low temperature is not
symmetric, falling off rapidly on the low-temperature side and slowly on the hightemperature side. The equation also predicts a peak in the vicinity of the characteristic
temperature ΔE / k BT . Figure 3.7(d) shows the temperature dependence of the magnetic
heat capacity for the x = 1.0 sample. With the exception of the tail at T > 20 K, this
model provides a good fit (as shown by the solid line in Figure 3.7(d), with υ0/υ1 = 1/2,
∆E = 1.2 meV). The value of n/Ncr is found to 0.14%. Based on this very small n/Ncr
value, we conclude that a small amount of Cr3+ ions in the sample are trapped in finite
spin states, even at low temperature. This Schottky anomaly has also been reported for
the other perovskite oxides. [37-40] The possible reason is that the defects (e.g., O2- point
defects[41]) cause the unpaired electrons of Cr3+ ions to be stabilised in a finite spin
state. In the samples with x < 1.0, Nd3+ ions provide a magnetic contribution to
C PMag (T ) ,

which can be obtained after subtraction of the Cr3+ contribution. Considering

that all the Nd3+ ions contribute to the anomaly and υ0/υ1 = 1 for the Nd3+ ground state
splitting, the Schottky form can be applied to fit the contribution of Nd3+ ions:
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C PMag (T ) = N Nd k B (

exp( ΔE / k B T )
ΔE 2
)
k B T [1 + exp( ΔE / k B T )] 2

(6)

where NNd is the number of Nd3+ ions. The results of fitting for the x = 0.5 and x = 0.0
samples are plotted in Figure 3.7(e) and (f), respectively. The Tmax is found to be 11.2
K and 7.9 K in the sample with x = 0.0 and 0.5, respectively. Calculated ∆E/kB for
Nd3+ ions in this work gives a value of the energy splitting of ~27 K, in excellent
agreement with neutron inelastic experiments (~28 K). [28] The energy splitting ∆E/kB
is reduced in the La doped samples, which is attributed to the weaker Cr-RE
interactions. The splitting of the Cr3+ 3d orbital and the Nd3+ ground state in Nd1xLaxCrO3

are shown in Figure 3.8. We propose that these doped La3+ ions dilute the

concentration of magnetic Nd3+ ions, which is associated with the reduction of Cr-Nd
interactions. Well-fitted plotting for low-T total C PMag (T ) therefore can be performed
by collecting the magnetic contributions from both Cr3+ and Nd3+, as shown in Figure
3.7(d-f).
In order to understand the doping effect on the Cr-Nd interaction, the Zeeman
splitting of the ground doublet of Nd3+ can be expressed as

ΔE = 2(− μ Nd H Nd −Cr + J Nd η )

(7)

where μNd is the effective moment of Nd3+, HNd-Cr is the effective exchange field, JNd is
the exchange constant of the Nd-Nd interaction, and η is a dimensionless mean-field
parameter describing the magnetically induced order of Nd in the Γ1 mode. Because of
its relatively small value, as confirmed by neutron diffraction[42], η can be neglected at
TSRPT. In addition, HNd-Cr can be treated as a temperature independent parameter, due
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to the fact that the Cr sub-lattice is fully locked at very low temperature. Thus, the
effective exchange field can be obtained as 89.6 kOe for the x = 0.0 and 81.8 kOe for
the x = 0.5 samples from the Curie-Weiss and Schottky anomaly fittings. Therefore
the Nd-Cr mean-field interaction parameters can be calculated from nNd-Cr = HNd-Cr/μCr
as 27.89 kOe/μB and 25.46 kOe/μB for x = 0.0 and x = 0.5, respectively.

(a)

(b)

Figure 3.8 (a) Cr3+ 3d and (b) Nd3+ ground state splitting schemes of Nd1-xLaxCrO3.

3.6 Conclusion
This work has verified the strong influence of La doping on the physical
properties of NdCrO3. Comparison of the structure of pure phase material and Nd1xLaxCrO3

shows that the expanded lattice volume is a result of La substitution. Cr-O-

Cr bond lengths and angles varied sequentially according to the doping level, which
was confirmed by XRD and Raman studies. The increasing TN and decreasing TSRPT
from La doping can be attributed to the enhanced Cr-Cr magnetic exchange
interaction and depressed Nd3+-Cr3+ coupling, respectively. Two components of
magnetization (antiferro- and ferro-) in magnetic field were observed in Nd1-xLaxCrO3,
which is ascribed to canted antiferromagnetic ordering of Cr3+. The electron
configuration of both Cr3+ and Nd3+ were found to be high spin state by the CurieWeiss fitting. The heat capacity study revealed that the Debye temperature for the
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samples was increased by La doping. The lattice, electronic, and magnetic
contributions to heat capacity have been quantified. The low-T Schottky anomaly
indicates increasing energy level splitting of Cr3+ and Nd3+ from doping. The Cr-Nd
interaction is also depressed by La doping, which was confirmed by calculation of
mean-field interaction parameters.
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Chapter 4. Multiferroic Double Perovskite Compounds

4.1 Multiferroic Double Perovskite Bi2FeMnO6 Films
4.1.1 Background
Multiferroic materials which display coexistence of ferromagnetism (FM) and
ferroelectric (FE) polarization have drawn considerable attention due to their
fundamental

physical

characteristics

and

potentially

wide

applications.[1-4]

Unfortunately, candidate multiferroic materials are very rare due to the mutual
exclusivity of the origins of ferromagnetism and electric polarization, in which
ferromagnetism needs transition metals with unpaired 3d electrons and unfilled 3d
orbital, while ferroelectric polarization needs transition metals with filled 3d orbital.
Furthermore, the available multiferroic candidates, such as BiFeO3,[5-9] BiMnO3, [10-12]
and DyFeO3, [13] all have serious drawbacks, i.e. electric leakage or low temperature
for appearance of multiferroic properties. Therefore, efforts to explore new candidate
multiferroic materials are still highly desirable. Recently, a multiferroic material with
double-perovskite structure, Bi2FeMnO6, has been theoretically designed.

[14]

It is

expected that this material would show simultaneous magnetic ordering and electric
polarization because it contains Bi3+ ions with unique 6s2 lone-pair electrons, similar
to the examples of other bismuth transition metal oxides with simple perovskite
structure. However, only a few studies on this compound have been reported, possibly
due to the difficulties in the fabrication of this metastable material through a
conventional high temperature synthesis process.14 Therefore, reports on the detailed
physical properties of this material have been awaited with great interest. In previous
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work,

[15]

room

temperature

multiferroic

properties

were

reported

for

Nd:BiFeO3/Bi2FeMnO6 bilayer films fabricated by the pulsed laser deposition (PLD)
method, and FM and FE properties were observed. However, due to the appearance of
BiFeO3, it is hard to subtract the intrinsic magnetic properties of Bi2FeMnO6. In this
section, pure Bi2FeMnO6 samples were fabricated by an electrospray method. Its
intrinsic magnetic properties have been observed.

4.1.2 Synthesis and Characterization
Stoichiometric Bi(NO3)3·5H2O and Fe(NO3)3·9H2O, and NH4OH were dissolved
in 2-methoxyethanol, forming dark brown 0.005 M precursor. Bi2FeMnO6 film was
synthesized on a silicon subtract (heated up to 973 K) by an electrospray method in a
high voltage field (20 kV) over 2 h. After that, the sample was sintered at 1173 K for 1
hour. The sample was characterised by X-ray diffraction (XRD), XRD Rietveld
refinement, scanning electron microscopy (SEM) equipped with energy dispersive
spectroscopy (EDS). B(B′)-site ion valence states were identified on an X-ray
photoelectron spectrometer (XPS). Magnetic and thermal properties were measured by
a 14T physical property measurement system (14T PPMS, Quantum Design) from 2 K
to 750 K in magnetic field up to 10 kOe.

4.1.3 XRD and XPS Studies on Bi2FeMnO6
Figure 4.1(a) shows the XRD pattern and refinement calculation results for
Bi2FeMnO6. The XRD pattern of substrate has also been plotted in the figure. The
sample is a well-crystallized single-phase film. Bi2FeMnO6 is a metastable compound
due to the positive formation enthalpy, as determined by first principles calculations.
[14]

It has been reported that its crystal structure varies from the Pm3m , to the R3c, to
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the C2 space group, depending on the fabrication conditions. In this work, each of
these structures has been adopted to refine the as-obtained XRD pattern. It was found
that all the diffraction peaks except peaks from substrate can be indexed by using
space group R3c and a reliable refinement result could be achieved in contrast to the
unreasonable deviations for refinement based on Pm3m and C2 groups. The
refinement results show that Bi2FeMnO6 has a unit cell with lattice parameters a =
5.2575 Å, b = 5.2575 Å, and c = 13.072 Å. The FeO6 and MnO6 polyhedra are
elongated in the out-of-plane direction (c axis). In the stoichiometric Bi2FeMnO6, the
average valence state of the B(B′)-site cations is +3. Mn tends to exhibit multiple
valences in many compounds with distorted perovskite structure, [16-18] which results in
non-stoichiometric oxygen content and also reversely is a result of oxygen deficiency.
In order to determine the valences of Mn and Fe ions in our sample, XPS
measurements have been carried out, as shown in Figure 4.1(b). In Mn 2p XPS result,
only two main peaks of the 2p1/2 (653.731 eV) and 2p3/2 (642.132 eV), which are
corresponding to Mn3+ ions, have been observed. It is known that the Fe 2p
photoelectron peaks (2p1/2 at 723.0389 eV and 2p3/2 at 711.593 eV) from oxidized
iron are associated with satellite peaks, which is important for identifying the chemical
states. The satellite peak was found 8 eV above the 2p3/2 principal peak, in
Bi2FeMnO6, which indicates the valence of Fe ions is +3. These results confirm that
Mn and Fe ions in Bi2FeMnO6 film only present valence of +3.
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Figure 4.1 (a) XRD refinement calculation result for as-prepared Bi2FeMnO6 (R
factors: RP = 8.1%, RWP = 10.7%). The XRD pattern of the substrate has been plotted
as a reference. (b) XPS spectra of the Fe 2p peaks and the Mn 2p peaks for
Bi2FeMnO6 film.

4.1.4 Morphology and Chemical Composition of Bi2FeMnO6 Film
The SEM image, as shown in Figure 4.2 indicates that the as-obtained sample is a
polycrystalline granular film over the substrate. The thickness of film is around 550
nm. EDS spectra confirm the presence of the constituent elements in the sample with a
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ratio of ~1.97:1:1 in the order of Bi, Fe, and Mn, which is very close to the
stoichiometry of Bi2FeMnO6, as shown in Figure 4.3. The slight deficiency of the
bismuth will possibly lead to oxygen deficiency in order to keep charge balance in the
compound which is very common for perovskite oxides, instead of formation of
impurity phase which has been excluded by XRD result. It is difficult to have a
conclusion of element distribution from EDS mapping results because the atomic
distribution of Mn and Fe is out of the ability of EDS.

Figure 4.2. SEM images of Bi2FeMnO6 film: (a) cross section, and (b) surface
morphology.

Figure 4.3. EDS mapping result for Bi2FeMnO6 film.
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Figure 4.4 (a) Magnetization as a function of temperature (5 K < T < 750 K); the solid
line in the inset is the Curie-Weiss fitting for the M-T curve from 500 K to 750 K. (b)
Magnetization as a function of magnetic field at different temperatures; the inset is the
M-H hysteresis loop observed at room temperature. The magnetic contribution from
the substrate has been subtracted from all the data.
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4.1.5 Magnetic Properties of Bi2FeMnO6 Film
Figure 4.4(a) displays the temperature dependence of the zero-field-cooled (ZFC)
and field-cooled (FC) magnetic susceptibility χ(T), measured in a magnetic field of H
= 1000 Oe from 5 K to 750 K for Bi2FeMnO6. From high temperature to low
temperature, three magnetic peaks were observed, at 440 K (T1), 260 K (T2), and 150
K (T3). Curie-Weiss fitting of the 1/χ − T curve from 500 K to 750 K, when the
sample is in a paramagnetic state, was carried out as shown in the inset. The effective
moment (μeff) on the B(B′)-site was calculated to be μeff = 7.5 μB, where μB is the Bohr
magneton. This result indicates that both Fe3+ and Mn3+ present high spin state (HS,
t2g3eg2 for Fe3+ and t2g3eg1 for Mn3+) electron configurations. The very high CurieWeiss temperature, θP = -1020 K indicates that Bi2FeMnO6 undergoes a strong
antiferromagnetic (AFM) transition at T1. According to the Goodenough-Kanamori
rules for 180-degree superexchange coupling,

[19]

dissimilar ions of Fe3+-Mn3+with

both ions in the high spin state with a half-filled eg orbital and one empty eg orbital,
most likely will result in antiparallel spin ordering. It has been reported that
distribution of Fe3+ and Mn3+ ions is not homogeneous in such double-perovskite
structures due to the very close ionic radii of Mn3+ and Fe3+.[18] As a result, Fe-rich
and Mn-rich clusters will form. Again, the Goodenough-Kanamori rules show that FeO-Fe in TMO6 octahedra, where TM is a transition metal, will be ordered
antiferromagnetically through 180-degree superexchange coupling. A strong AFM eg2O-eg2 (Fe-O-Fe) interaction is favoured by virtual charge transfer due to the two halffilled eg orbitals of HS Fe3+. For Mn-O-Mn, it can order antiferromagetically through
empty dz2 to dz2 and dx2-y2 to dx2-y2 orbits interactions both via oxygen 2p orbital and
order ferromagnetically through superexchange mechanism between Mn half-filled
dz2 and empty dx2-y2 orbitals via oxygen 2p orbital in case of orbit ordering in
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BiMnO3. [14] However, no evidence of orbital ordering can be found in the present data.
Furthermore, based on the small magnetic moment observed in M-H loop, we
conclude that Mn-O-Mn is antiferromangetic ordered in Bi2FeMnO6. Because only
one unpaired electron occupies the eg orbital, Mn-O-Mn (eg1-O-eg1) ordering is much
weaker than Fe-O-Fe ordering. Hence, the temperature of Fe-O-Fe ordering will be
higher than that of Mn-O-Mn ordering. Based on the above reasons, the origins for the
magnetic transitions at temperatures of 440 K, 260 K, and 150 K are attributed to FeO-Fe, Mn-O-Mn, and Fe-O-Mn orderings, respectively.
To further confirm the above analysis, magnetization (M) as a function of
magnetic field (H) was measured at various temperatures. At 300 K, an unsaturated
hysteresis loop with coercive field of 118 Oe is observed with AFM and FM
components in a magnetic field of 1 kOe, as shown in the Figure 4.4(b) inset. The
magnetization is estimated to be 0.42 μB/f.u. at 1 kOe. The FM component is possibly
attributable to a canted Fe moment arrangement. At 200 K, hysteresis behaviour still
remains in the M-H curve, with a coercive field of 82 Oe. However, the total
behaviour of M-H is dominated by a significant AFM contribution. At 5 K, a clear
hysteresis loop with coercive field of 330 Oe and much reduced linear behaviour is
observed. The magnetic moment is estimated to be 4.48 μB/f.u. at 10 kOe, which is
much smaller than the theoretical value of 9 μB/f.u. if all Fe3+ and Mn3+ ions are
ordered ferromagnetically on the B(B′) site. Therefore, the magnetic transition at T3
attributes to Fe3+-Mn3+ ferrimagnetic ordering transition due to the small magnetic
moment of the materials at low temperature.
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Figure 4.5. Heat capacity as a function of temperature from 2 K to 300 K (symbols
show the experimental data, and solid line is the fit). The inset is the excess magnetic
heat capacity extracted from the total heat capacity by subtracting a smooth
background using Debye-Einstein fitting.

4.1.6 Thermal Properties of Bi2FeMnO6 Film
The temperature dependence (2 K < T < 300 K) of the zero magnetic field heat
capacity, Cp, is shown in Figure 4.5 for Bi2FeMnO6. The overall shape of Cp(T)
follows the Dulong-Petit law, that is, the high temperature limiting value is consistent
with the classical value of 3R per atomic site in the formula unit, where R is the molar
gas constant. There are two clear λ-shaped anomaly peaks with peak temperatures of
242 K and 175 K in the Cp(T) curve, corresponding to the magnetic transitions at T2
and T3. Since no nonmagnetic analogues are available for this compound, the
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nonmagnetic contribution can be calculated by a combination of Debye and Einstein
equations[20],
T
9
C nm
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where ηD and ηE are the respective Debye and Einstein anharmonicity coefficients, θD
is the Debye temperature, θE is the Einstein temperature, kB is the Boltzmann constant,
and N is mole number of the sample. The best fit was obtained by using two Einstein
terms with an equivalent value for ηD and ηE. The fit is plotted in Figure 4.5 as a solid
line, which is in good agreement with the experimental data in the high temperature
range. The parameters with the best fit were found to be ηD = 0.0011 K-1, ηE = 0.0011
K-1, θD = 339 K, θE1 = 255 K, and θE2 = 613 K. The Debye temperature is comparable
with those obtained for BiFeO3 (340 K) and BiMnO3 (290 K), [21,22] indicating the
similar thermodynamic properties of these compounds. The magnetic contribution to
the heat capacity, ∆CP(T), therefore can be obtained by subtracting the nonmagnetic
contribution from CP(T), as shown in the Figure 4.5 inset. The high and broad peak at
T2 reflects the antiferromagnetic Mn-O-Mn interaction. The peak at 175 K is
associated with ferrimagnetic Fe-Mn ordering. Furthermore, the observation of this
peak excludes its origin from spin-glass behaviour, which has been observed in other
materials with competition between different magnetic orderings.

4.1.7 Conclusion
In conclusion, Bi2FeMnO6 with double-perovskite structure was synthesized by
an electrospray method. Magnetic measurements show the existence of Mn-rich and
Fe-rich clusters. Although the fabrication method, starting from a solution precursor
with an atomic-level Mn and Fe homogenous distribution, was expected to result in
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Bi2FeMnO6 with homogeneous distribution of Mn and Fe, Mn-rich or Fe-rich clusters
still appear due to their very close ionic radii and same charges. Such clusters might
be very small, which is just caused by the random distribution of these two different
ions. Therefore, it might be impossible to realize a one-by-one atomic arrangement of
Mn and Fe in this material. Atomic level high resolution transmission electron
microscopy might be able to confirm this speculation obtained from magnetic
measurements, which will be our objective for the next step.

4.2 Double Perovskite Hollow Particles
4.2.1 Background
Recently, extensive research has been focused on the preparation of hollow
inorganic structures on the nanometer-to-micrometer scale, due to their wide potential
applications, such as nanoscale chemical reactors, drug-delivery carriers, efficient
catalysts, and low dielectric constant materials. Although many strategies for
preparing hollow particles have been reported, a template is often required. The
removal of templates is expensive and complicated, which prevents them from being
used in large-scale applications. Only a few template-free methods for generating
hollow inorganic micro- and nano-scale structures of simple binary compounds, such
as TiO2, MoS2, Fe2O3, and ZnO, have been developed employing novel mechanisms.
However, fabrication of hollow particles of complex compounds (e.g. doubleperovskite compounds) is still a great challenge.
Very recently, a kind of novel multiferroic material with double-perovskite
structure (A2BB′O6) has been theoretically designed.[14] In such compounds, Bi
occupies the A site while different transition metals (TM) occupy B and B′ sites. Bi3+
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cations with unpaired 6s2 electrons will induce ferroelectric polarization, whilst the
distorted alignment of TMO6 octahedra will lead to ferromagnetic properties. The
physical properties of several double-perovskite compounds have been studied.
Multiferroic behaviour was reported in Bi2NiMnO6 thin film with a saturated
polarization of 5µC/cm2 and ferromagnetic ordering at 100 K.[21] The roomtemperature multiferroic properties of Bi2FeMnO6 thin film have been investigated.[15]
It shows a ferromagnetic transition at 440 K and room temperature ferroelectric
polarization. However, the studies on these materials with special micro-/nanostructures are very rare, probably because these materials are metastable and hard to
fabricate by conventional synthesis processes.
In this section, Bi2FeMnO6 and Bi2NiMnO6 hollow particles from nano- to
micron-scale were fabricated by a template-free electrospray method. The as-prepared
Bi2FeMnO6 samples have been well characterized using X-ray powder diffraction
(XRD), Raman spectroscopy, field emission scanning electron microscopy (FE-SEM),
and vibrating sample magnetometry (VSM). The formation mechanism of Bi2FeMnO6
hollow structures can be explained by an Ostwald ripening − Kirkendall model, as
described below. For Bi2NiMnO6 hollow particles, the structure, morphology,
magnetic properties, and ferroelectric properties have all been investigated. The
ferromagnetic transition temperature has been determined as 122 K. Switchable
polarizations of the Bi2NiMnO6 nanoparticles were also observed.

4.2.2 Synthesis and Characterization
Bi2FeMnO6 hollow particles were prepared by an electrospray method in a high
voltage field (up to 20 kV). Stoichiometric Bi(NO3)3·5H2O (99.5%, Sigma-Aldrich)
and Fe(NO3)3·9H2O (99.5%, Sigma-Aldrich) were dissolved in 200 ml 2-
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methoxyethanol (Sigma-Aldrich), forming a 0.005 M clear solution. 0.003 M KOH
was slowly added to the solution, resulting in a dark brown precursor. The
electrospraying system consisted of a substrate holder with a heating element (up to
1073 K), a stainless steel capillary tube with an inner diameter of 160 μm, a solution
tank, and a high voltage source (HV, up to 20 kV). The capillary tube was connected
to the positive terminal of the HV, while the substrate holder was connected to the
negative terminal. The distance between the Si substrate and the tip of the capillary
tube was 5 cm. The temperature of the substrate holder was 773 K. The Bi2FeMnO6
precursor was transferred from the solution tank and sprayed onto the Si substrate in
an electric field of 16 kV. Then, the as-prepared samples were annealed at 973 K in air
for one hour.
Bi2NiMnO6 nanoparticles were synthesized by an electrospray method in a high
voltage field (up to 20 kV). Stoichiometric Bi(NO3)3·5H2O (99.5%, Sigma-Aldrich),
Mn(CH3COOH)2·5H2O, and Ni(NO3)2·3H2O were dissolved in 200 ml 2methoxyethanol (Sigma-Aldrich) forming a 0.005 M clear solution. 0.003 M NH4OH
was slowly added to the solution, resulting in a dark brown sol-gel. Then, the
precursor was sprayed onto a Si wafer substrate at a temperature of 573 K in electric
field of 16 kV for 2 h. The as-prepared sample was annealed at 973 K in Ar for 1 h.
The crystal structure of samples was examined by X-ray diffraction (XRD; GBC
MMA), using Cu-Kα radiation at λ = 1.54056 Å, operating at 40 kV voltage and 25
mA current. Raman scattering measurements with a shift range from 100 to 2000 cm-1
were performed with a laser Raman spectrometer (HR320; HORIBA Jobin Yvon) at
room temperature. An Ar+ laser with wavelength of 632.8 nm was used for excitation
of the Raman signals. Field-emission scanning electron microscope (FE-SEM) images
were obtained, and X-ray energy dispersive spectroscopy (EDS) analysis was
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conducted using a JEOL-7500 microscope equipped with EDS. Transmission electron
microscope (TEM) images were collected on a JEOL-2100 with an acceleration
voltage of 200 kV. The magnetic measurements were carried out using a 14 T physical
property measurement system (PPMS, Quantum Design) over a wide temperature
range from 5 K to 300 K. The ferroelectricity of the samples was measured by Kelvin
probe force microscopy (KPFM, Asylum Research MFP-3D), using both contact and
non-contact modes.

4.2.3 Crystal Structure of Bi2FeMnO6 Hollow Particles
Figure 4.6 shows the X-ray diffraction (XRD) pattern for the as-prepared
Bi2FeMnO6 hollow particles. The sample is single phase, crystallizing in a
rhombohedral structure with space group R3c. The sharp peaks confirm the highly
crystalline nature of the as-obtained product. The XRD analysis indicates that
Bi2FeMnO6 has a unit cell with lattice parameters a = 5.257 Å, b = 5.257 Å, and c
= 13.072 Å. The impurity peaks are attributed to the substrate. The average
crystallite size of these particles is calculated to be ~80 nm from calculation by the
Debye-Scherrer formula.
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Figure 4.6 XRD pattern of Bi2FeMnO6 sample. The impurity peaks are ascribed to
the substrate.

4.2.4 Morphology of Bi2FeMnO6 Hollow Particles
Figure 4.7 presents FE-SEM images of the samples derived at various spraying
times. Clearly, Bi2FeMnO6 nanoparticles with diameters from 50 nm to 120 nm are
formed in the initial stage with spraying time of 30 min. The particles are spherical in
shape with a smooth surface. Agglomerations of Bi2FeMnO6 nanoparticles are
observed, as shown in the Figure 4.7(a) inset. As spraying time increases to 1 h, large
Bi2FeMnO6 particles ~2 µm in diameter appear, as shown in Figure 4.7(b). Cracks and
holes are observed on the surface of these micron-sized particles, which indicates their
possible hollow structure. Numerous nanosized particles are found attached to the
surface of these micron-sized particles. As shown in the Figure 4.7(b) inset, some
particles exhibit elliptical shapes due to surface shrinkage, which will be discussed
later. Figure 4.7(c) shows Bi2FeMnO6 particles prepared with spraying time of 4 h.
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The particles exhibit a regular porous spherical shape with a hollow structure. The
diameter of the particles is about 3 µm. After sintering, some of the particles are found
to be cracked, which provides further insight into the hollow structure of the particles,
as shown in Figure 4.7(d). The thickness of the shell wall is found to be ~100 nm. The
image indicates that the shell of the hollow particles is composed of small
nanocrystals. Energy dispersive spectroscopy (EDS) confirms the presence of the
constituent elements in the sample with a ratio of 1.97:1:1 in the order of Bi, Fe, and
Mn, which is very close to the stoichiometry of Bi2FeMnO6.

Figure 4.7 FE-SEM images of Bi2FeMnO6 samples synthesized with different
spraying time: (a) 10 min, with the inset image an agglomeration of Bi2FeMnO6
nanoparticles; (b) 1 h, with the inset showing a Bi2FeMnO6 particle that is elliptical
because of surface shrinkage; (c) 4 h, with the inset an enlarged image of an individual
Bi2FeMnO6 hollow particle; (d) a cracked porous Bi2FeMnO6 hollow particle after the
sintering process.
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4.2.5 Ostwald ripening-Kirkendall Mechanism
The formation mechanism can be explained by the Ostwald ripening − Kirkendall
model.[1,25] The formation process is illustrated in Figure 4.8. The Bi2FeMnO6 sol is
initially electrosprayed to form nanosized precursor droplets. After attachment onto
the heated substrate, the nucleation and growth of Bi2FeMnO6 take place on the
surface, with initial shrinkage of the droplet volume. Nanosized particles are then
formed on the substrate. However, as spraying time increases, agglomeration of the
Bi2FeMnO6 particles will occur. Since the system tries to lower its overall energy,
these agglomerations on the substrate will tend to merge with each other to form large
particles (Ostwald ripening). Meanwhile, the particles inside will diffuse outward,
according to the Kirkendall effect, to form the hollow structure. The porous surface of
the hollow particles forms during the sintering process due to further shrinkage of the
shell. Evidence for the formation process from the morphological evolution of a series
of intermediates was collected during the synthesis.

Figure 4.8 Schematic illustration and evidence of the formation and shape evolution
of Bi2FeMnO6 hollow particles.
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4.2.6 Raman Study on Bi2FeMnO6 Hollow Particles
Figure 4.9 presents the Raman spectra of the Bi2FeMnO6 samples before and after
sintering. The as-prepared Bi2FeMnO6 samples belong to the rhombohedral R3c space
group. According to the group theory, Bi2FeMnO6 has 13 optical phonon modes with
an irreducible representation at the centre of the Brillouin zone: Γ = 4A1 + 9E. In this
work, six fundamental Raman modes have been observed. Due to the very close radii
of Fe3+ and Mn3+ cations, the identification of Raman modes can be referred to the
Raman spectrum of BiFeO3, which crystallizes in the R3c space group.[24] The Raman
modes can be identified as A1-1 at 162 cm-1, A1-2 at 234 cm-1, E-1 at 305 cm-1, A1-3 at
434 cm-1, E-2 at 623 cm-1, and E-3 at 671 cm-1, respectively. It was found that the
frequencies of Raman modes A1-1, A1-2, E-2, and E-3 decreased in the sintered sample.
In addition, the intensities of the Raman modes were increased in the sintered sample.
After sintering, the Bi2FeMnO6 porous hollow particles are composed of nanocrystals,
as was confirmed by the FE-SEM images. The translational symmetry of crystalline
Bi2FeMnO6 is broken at grain boundaries, which leads to the appearance of specific
surface and interface vibrational contributions. In the porous hollow structure, this
phenomenon becomes significant due to the very high concentration of grain
boundaries. Therefore, the Raman modes shift to lower wave number with increased
intensities in Bi2FeMnO6 hollow particles.
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Figure 4.9 Raman spectra of Bi2FeMnO6 samples obtained before and after the
sintering process.

4.2.7 Magnetic Properties of Bi2FeMnO6 Hollow Particles
The χ-T curves for Bi2FeMnO6 hollow particles measured in the temperature range
from 2 K to 650 K in a magnetic field of 100 Oe. Both zero-field-cooling (ZFC) and
field-cooling (FC) measurements were conducted. The magnetic contribution from the
substrate has been subtracted from all the data. Three possible magnetic transition
temperatures, T1 at 440 K, T2 at 260 K, and T3 at 150 K, were observed. The results
indicate that T1 and T2 are antiferromagnetic transition (AFM) temperatures, while T3
is a ferromagnetic transition (FM) temperature. The sharp peak observed in ZFC
indicates that the sample undergoes a strong AFM ordering at T1. Broadened AFM
peaks were observed at T2 due to a possible weaker antiferromagnetic ordering. At T3,
the Bi2FeMnO6 hollow particles show weak ferromagnetic behaviour. These three
transitions are possible due to Fe-O-Mn, Fe-O-Fe, and Mn-O-Mn ordering in
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Bi2FeMnO6. However, further neutron diffraction study on this material is necessary
to determine its detailed magnetic structure. The magnetization (M) as a function of
magnetic field (H) for Bi2FeMnO6 hollow particles was measured at both 5 K and
room temperature. Hysteresis loops were observed in M-H at both temperatures. Two
magnetic components, FM and AFM, appear in the M-H loop at room temperature.
The FM component is possibly attributable to a canted magnetic moment arrangement
(similar to the spiral magnetic structure in BiFeO3[12]). The AFM component is
ascribed to TMO6 AFM ordering. At 5 K, a clear hysteresis loop with coercive field of
330 Oe and much reduced linear behaviour is observed.

Figure 4.10 XRD pattern of Bi2NiMnO6 nanoparticles fabricated by the
electrospray method.

4.2.8 Structure of Bi2NiMnO6 Nanoparticles
Figure 4.10 shows the X-ray diffraction (XRD) pattern for the Bi2NiMnO6
nanoparticles. It indicates that the Bi2NiMnO6 nanoparticles have crystallized in
the monoclinic structure with space group C121. The lattice parameters are a =
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9.527Å,

b= 5.431 Å, and c = 9.552Å.

The sharp peaks confirm the highly

crystalline nature of the as-obtained sample. The impurity peaks are attributed to a
small amount of Mn3O4.

4.2.9 SEM and TEM Studies on Bi2NiMnO6 Nanoparticles
Figure 4.11 shows SEM and TEM images of the as-prepared Bi2NiMnO6
nanoparticles. Clearly, the product consists of a high yield of spherical Bi2NiMnO6
nanoparticles. The size of the nanoparticles ranges from 100 nm to 350 nm. Because
the charged droplets are self-dispersing in the electric field during the electrospraying
process, all the particles are dispersed without any agglomeration. A magnified SEM
image of dispersed Bi2NiMnO6 nanoparticles is shown as the inset in Figure 4.11(a).
The nature of the products was also determined by energy dispersive spectroscopy
(EDS) analysis. The EDS results confirmed that the as-obtained products contain Bi,
Mn, and Ni with an atomic Bi: Mn: Ni ratio of ~2: 1: 1, which agrees with the
expected stoichiometry and XRD results. TEM was used to further confirm the
morphology and structure of the Bi2NiMnO6 nanoparticles, as shown in Figure 4.11
(b). A magnified TEM image of an individual Bi2NiMnO6 nanoparticle is shown as
the inset in Figure 4.11 (b). The formation mechanism can be explained by the
Ostwald ripening model. Initially, the Bi2NiMnO6 sol is electrosprayed to form selfdispersing charged droplets in a high-voltage electric field. The solvent will evaporate
from the precursor once the droplets become attached to the heated substrate. Then,
the nucleation and growth of the Bi2NiMnO6 particles take place. Some fragment-like
dots are formed on the nanoparticles (see inset in Figure 4.11 (a)). Since the system
tries to lower its overall energy, these dots on the surface will diffuse into the particles.
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(a)

(b)

Figure 4.11 (a) SEM image of as-prepared Bi2NiMnO6 nanoparticles. The inset shows
a magnified view of the dispersed particles, on which some fragment-like dots are
observed. (b) TEM image of Bi2NiMnO6 nanoparticles; the inset is a magnified view
of an individual nanoparticle. The scale bars in both insets represent 100 nm.

4.2.10 Magnetic Properties of Bi2NiMnO6 Nanoparticles
Figure 4.12 shows the magnetization (M) as a function of temperature (T) for
Bi2NiMnO6 nanoparticles measured in the temperature range from 5 K to 300 K in a
magnetic field of 100 Oe. Both zero-field-cooling (ZFC) and field-cooling (FC)
measurements were conducted. The magnetic contribution from the substrate has been
subtracted from the data. Two magnetic transitions were observed at T1 = 122 K and
T2 = 44 K. In a previous study, it was reported that Mn3O4 undergoes a ferrimagnetic
transition at ~42 K. [26] In our sample, the impurity Mn3O4 was detected in the XRD
pattern. Therefore, the magnetic transition at T2 should be attributed to Mn3O4
ferrimagnetic ordering. For Bi2NiMnO6, it is expected that Ni ions present a valence of
+2 with eg electrons, while Mn ions present a valence of +4 with no eg electrons.
According to the Goodengough-Kanamori rules, the expectation for magnetic
interaction between Ni2+ and Mn4+ should be ferromagnetic ordering with a linear
arrangement of Ni-O-Mn. It is believed that T1 observed in the M-T curve corresponds
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to the ferromagnetic transition temperature of Bi2NiMnO6. In order to further confirm
the above analysis, the magnetization as a function of magnetic field (H) for
Bi2NiMnO6 nanoparticles was measured in a magnetic field of 10 kOe at 100 K, as
shown in the Figure 4.12 inset. The hysteresis in the M-H loop should only be
contributed by Bi2NiMnO6 at 100 K because it is far above the Mn3O4 ordering
temperature. Clear hysteresis behaviour has been observed. The coercive field is found
to be 190 Oe.

Figure 4.12 Magnetization as a function of temperature for Bi2NiMnO6 nanoparticles
measured in the temperature range from 5 K to 300 K in a magnetic field of 100 Oe;
the inset is the M-H loop measured at 100 K.
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4.2.11 Ferroelectric Properties of Bi2NiMnO6 Nanoparticles
The room temperature ferroelectricity of the Bi2NiMnO6 nanoparticles was then
confirmed by KPFM measurements. For inducing the ferroelectric dipoles (poling
process), atomic force microscope (AFM) scans was carried out on a sample area of
1.5 × 1.5 µm2 (scan speed of 19.6 Hz, 512 lines) in contact mode with the given biases
of 0 V, 1 V, 3 V, and 5 V. Then, a second AFM scan of the 1.5 × 1.5 µm2 area (scan
speed of 19.6 Hz, 512 lines) with a grounded tip was performed on the same area, in
order to discharge the screening charge which had accumulated during the poling
process. Due to reduction of the screening charge by the discharge process, the surface
potential directly indicates the ferroelectric polarization charge distribution. Figure
4.13(a) shows surface potential images of Bi2NiMnO6 nanoparticles with various bias
voltages. The polarized particles are brighter than the Si substrate due to their higher
potential. The potential line profiles of corresponding individual Bi2NiMnO6 particles
in Figure 4.13(a) are shown in the inset of Figure 4.13(b). Results indicate that the
surface potential of Bi2NiMnO6 particles increases gradually when the applied bias
voltage increases from 0.5 V to 5 V. The surface potential as a function of bias voltage
for the Bi2NiMnO6 nanoparticles is plotted in Figure 4.13(b). A non-linear increase in
the surface potential induced by the polarizing voltage is observed, which displays a
switchable polarization behaviour. The surface potential is saturated when the
polarizing voltage is increased up to 3 V. The electric field for the saturation
polarization is calculated to be about 600 kV/cm, which is much smaller than that of
Bi2NiMnO6 thin film samples,

[23]

indicating that the electric dipole can be easily

switched in the nanoparticles under low electric field. Piezo-response force
microscopy is required to further confirm ferroelectricity in these particles because
surface charges on these particles could screen piezoresponse in KPFM measurement.
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(b)

Figure 4.13. KPFM images of Bi2NiMnO6 nanoparticles: (a) Surface potential images
of the sample with the given biases of 0 V, 1.0 V, 3.0 V, and 5.0 V. (b) The sample
surface potential as a function of the bias voltage; the inset contains the line potential
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profiles of the KPFM images of an individual nanoparticle (corresponding to the red
lines in Figure 4.13(a)). The scale bar represents 0.5 µm.
4.3 Conclusion
In summary, pure-phase double perovskite Bi2FeMnO6 hollow particles were
synthesized by an electrospray method. XRD study revealed that the samples
crystallized in space group R3c with lattice parameters a = 5.257 Å, b = 5.257 Å, and
c = 13.072 Å. Six fundamental Raman modes have been observed in the Raman
spectra. The Bi2FeMnO6 hollow particles can be obtained with different morphologies
from nanosized to micron-size by tuning the spraying time. The formation mechanism
of these hollow particles can be explained by an Ostwald ripening − Kirkendall model.
Bi2FeMnO6 samples exhibit a weak ferromagnetic-like behaviour at both low and
room temperature, which is verified by the χ-T and M-H measurements. Bi2NiMnO6
nanoparticles have been synthesized by a simple electrospray method. It is found that
Bi2NiMnO6 nanoparticles crystallize in the monoclinic structure with space group
C121. The self-dispersed nanoparticles show a spherical shape with a diameter of 100
to 300 nm. The ferromagnetic transition of Bi2NiMnO6 is confirmed at 122 K in the
M-T curve. A coercive field of 190 Oe has been observed in the M-H loop. The room
temperature ferroelectricity of the Bi2NiMnO6 nanoparticles has been investigated by
Kelvin probe force microscopy (KPFM) by applying bias from 0 V to 5 V.
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Chapter 5. Fabrication and Physical Properties of
Multiferroic BiFeO3 Micron/Nano Particles

5.1 Background
The perovskite BiFeO3 is currently attracting attention due to the coexistence of
magnetic and ferroelectric orders, which can be potentially used for applications in
new generation memory devices.[1-3] BiFeO3 belongs to the rhombohedral space
group R3c and transforms to the orthorhombic space group Pbnm at its
ferroelectric Curie temperature (TC) of 1103 K. In addition, it shows typical G-type
antiferromagnetic properties below its Néel temperature (TN) of 643 K.[4] A
superimposed spiral spin structure in which the antiferromagnetic axis rotates with
an incommensurate long-wavelength period of 62 nm cancels the macroscopic
magnetization and also inhibits observation of the linear magnetoelectric effect in
bulk BiFeO3.[5-6] However, weak ferromagnetic moments could be obtained
through the destruction of the long spiral period in BiFeO3 particles with limited
dimensions of less than 62 nm at room temperature, which provides the potential
for future applications.[6-7] In practice, the synthesis of BiFeO3 always produce
impurities with different bismuth to iron ratios, such as Bi25FeO39 and Bi2Fe4O9.
These impurity phases will cause a charge unbalance that induces serious current
leakage, making it difficult to observe the electrical polarization. Therefore, in
order to understand the mechanism responsible for the impurities that appear in
solid-state reaction synthesis, thermodynamic studies have been carried out by
various groups.[8-11] It has been found that BiFeO3 is a metastable phase with
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respect to Bi2Fe4O9 and Bi25FeO39 in the temperature range of 720 K < T < 1040
K.[8] The stability of BiFeO3 is reduced by the appearance of impurity phases as
well.[10] Despite the intense study that has been devoted to bulk BiFeO3, a
fundamental understanding of the formation of BiFeO3 particles and their
dimension-property correlations are still lacking. Moreover, an understanding of
the nature of the ferroelectric response and of the fundamental dependence of the
magnetic behaviour on the size and precise chemical composition is also desirable.

5.2 Experimental Details
5.2.1 BiFeO3 Particles Synthesized by Hydrothermal Method
Bismuth iron oxide samples were synthesized by a hydrothermal method.
Bismuth nitrate (Bi(NO3)3, 99.5%), iron (III) nitrate (Fe(NO3)3, 99.5%), sodium
hydrate (NaOH, 99.5%), and potassium hydrate (KOH, 99%) were used as
obtained from Sigma-Aldrich without further purification. Firstly, bismuth nitrate
and iron nitrate in stoichiometric proportions of 1:1 by molar ratio were dissolved
in diluted nitric acid with magnetic stirring for 30 minutes. After that, the
potassium hydrate solution was added to the solution to induce formation of a
brown co-precipitate in the precursor. After being washed with distilled water to
remove any possible impurities, all products were transferred into Teflon-liner
autoclaves. Solutions of potassium hydrate

(for the synthesis of BiFeO3 and

Bi25FeO39) or sodium hydrate (for the synthesis of Bi2Fe4O9) in different
concentrations were poured into the autoclaves. The filling volume for the samples
was 80%. The autoclaves were maintained at 200 oC for 12 hours and then allowed
to cool down to room temperature naturally. The obtained powders were washed
with distilled water and ethanol to remove any possible impurities, and then dried
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at 70 oC for 2 hours.
For La doped BiFeO3 samples (Bi1-xLaxFeO3), bismuth nitrate (Bi(NO3)3, 99.5%),
iron (III) nitrate (Fe(NO3)3, 99.5%), lanthanum nitrate (La(NO3)3, 99.5%), and
potassium hydrate (KOH, 99%) were used as obtained from Sigma-Aldrich without
further purification. In this method, bismuth nitrate, iron nitrate, and lanthanum nitrate
are dissolved in diluted nitric acid with magnetic stirring for 30 minutes. Potassium
hydrate is introduced to induce a co-precipitation reaction. The brown precipitate,
after being washed with distilled water, is then put into an autoclave with a Teflon
liner. The Teflon liner is then filled with 14 mol/L potassium hydrate solution. The
autoclave is kept at 200 oC for 12 hours and then allowed to cool down to room
temperature naturally. The obtained black powder is washed with distilled water and
dried at 70 oC for 2 h.
For Cr doped BiFeO3 samples (BiFe1-xCrxO3), the reactants are bismuth nitrate
(Bi(NO3)3, 99.5%), iron (III) nitrate (Fe(NO3)3, 99.5%), chromium oxide (Cr2O3,
99.5%) and potassium hydrate (KOH, 99%). The synthesis process is the same as that
for Bi1-xLaxFeO3 samples.

5.2.2 Core-Shell/Hollow BiFeO3 Nano-Particles Fabricated by Electrospray
Method
BiFeO3 hollow nanoparticles were synthesized by an electrospray method in a
high voltage field (20 kV). Stoichiometric Bi(NO3)3·5H2O (99.5%, Sigma-Aldrich)
and Fe(NO3)3·9H2O (99.5%, Sigma-Aldrich) were dissolved in 200 ml 2methoxyethanol (Sigma-Aldrich) forming 0.005 M clear solution. 0.003 M KOH was
slowly added to the solution resulting dark brown precursor. The electrospraying
system consisted of a substrate holder with a heating element (up to 1073 K), a
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stainless steel capillary tube with an inner diameter of 160 μm, a solution tank, and a
high voltage source (HV, up to 20 kV). The capillary tube was connected to the
positive terminal of the HV, while the substrate holder was connected to the negative
terminal of the HV. The distance between substrate and the tip of the capillary tube
was 5 cm. The spraying voltage was 16 kV. The temperature of the substrate holder
was 873 K.

5.3 Characterizations
Phase identification of the obtained powders was performed with a GBC X-ray
diffractometer (XRD; GBC MMA), using Cu-Kα radiation at λ = 1.54056 Å. The
lattice parameters and the crystal structure were refined using the Rietica package
(Vision 1.7.7). Raman scattering measurements with shifts ranging from 100 to
2000 cm-1 were performed with a laser Raman spectrometer (HR320; HORIBA
Jobin Yvon) at room temperature. An Ar+ laser with wavelength of 632.8 nm was
used for excitation of the Raman signals.The particle morphologies and sizes were
examined with a field emission scanning electron microscope (FESEM; JEOL
7500) operated at 15 kV. X-ray energy dispersive spectroscopy (EDS) analysis was
performed using the JEOL-7500. Transmission electron microscopy (TEM) images
and the corresponding selected area electron diffraction (SAED) patterns were
collected on a JEOL-2100 with an acceleration voltage of 200 kV.

For the

dielectric measurement, the powders were pressed into pallets and coated with
metal electrodes. The dielectric constant and loss measurements were conducted
using an impedance analyser (HP-4191A IMPEDANCE/ GAIN- PHASE Analyzer)
over the frequency range from 100 Hz to 15 MHz at room temperature. The The
magnetic measurements were carried out using a 5 T magnetic property
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measurement system (MPMS, Quantum Design) and a 14 T physical property
measurement system (PPMS, Quantum Design) over a wide temperature range
from 5 K to 700 K. The ferroelectricity of the samples was measured by a Kelvin
probe force microscopy (KPFM, Asylum Research MFP-3D). BiFeO3 hollow
particles were transferred to a silicon (100) wafer before KPFM measurements.

5.4 Theromodynamic and Physical Properties of hydrothermal Synthesized
Bismuth Ferrites (BiFeO3, Bi25FeO39, and Bi2Fe4O9)
Recently, pure phase BiFeO3 powders have been successfully synthesized by the
hydrothermal method.[12] Because of advantages such as the small product
dimensions, the narrow size distribution, and the low extent of particle
agglomeration, hydrothermal synthesis is a simple and efficient way to obtain
nano-/micron-scale BiFeO3 particles. Generally, a hydrothermal reaction takes
place between heterogeneous phases. The chemical characteristics are controlled
by the interaction between the solid and fluid phases. Therefore, certain crucial
factors, such as temperature, pressure, reactant concentration, and pH value,
determine the properties of the obtained powders. In the case of bismuth ferrites,
some attempts have been made to optimize the hydrothermal conditions.[13-14]
However, conclusive evidence for the process of formation of BiFeO3 has not been
provided. Therefore, a thermodynamic study on the hydrothermal synthesis of
bismuth ferrites is still desirable.
In this section, bismuth ferrites (BFO), including the compounds BiFeO3,
Bi2Fe4O9, and Bi25FeO39, were prepared via a hydrothermal method. The growth
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mechanism for BFO in the hydrothermal system was examined by studying
different concentrations of mineralizer, as well as the final products. A
thermodynamic estimation of BiFeO3 hydrothermal synthesis, which involves the
simultaneous solution of chemical and phase equilibria for a multi-component
heterogeneous solid-liquid system, was our goal. The chemical composition and
the morphology, as well as the submicron-scale distribution of intermediate
products, have provided evidence for this estimation. The magnetic properties of
the as-prepared powders are also discussed in detail.

5.4.1 Mineralizer Effect on Chemical Comoposition
Coprecipitation of Bi(OH)3 and Fe(OH)3 in the precursor is the most obvious
feed stock to synthesize bismuth ferrites. However, the concentration of OH－ ions
is not high enough for the formation of bismuth ferrites. Therefore, excess amounts
of a mineralizer, KOH or NaOH, were added to facilitate the hydrothermal
synthesis. Bismuth ferrites are obtained from these precursors after reaction at
200oC in high pressure. The reaction processes can be expressed as follow:
Bi (OH ) 3 + Fe (OH ) 3 → BiFeO 3 + H 2 O

(1)

2 Bi (OH ) 3 + 4 Fe(OH ) 3 → Bi2 Fe4 O9 + 9 H 2 O

(2)

25Bi(OH ) 3 + Fe(OH ) 3 → Bi25 FeO39 + 39H 2O

(3)

In order to determine the concentration of mineralizer at which the bismuth
ferrite formation takes place, a series of hydrothermal processes were carried out
using various KOH or NaOH concentrations. The XRD patterns of the products are
shown in Figure 5.1. The concentration of KOH mineralizer was varied from 0.1
mol/L to 14 mol/L. The corresponding stoichiometric ratio of Bi3+ to Fe3+ ions was
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1:1 for all these samples. The obtained powders were Bi25FeO39 and BiFeO3,
which could be indexed with Joint Committee on Powder Diffraction Standards
(JCPDS) cards (46-0416 and 20-0169). Bi2Fe4O9 phase, however, was not
synthesized in the presence of KOH mineralizer. No crystalline product was
detected by XRD after the hydrothermal process in the 0.1 M KOH system, which
means that no hydrothermal reaction took place. It was observed that Bi25FeO39
started to precipitate and the reaction proceeded as CKOH reached 0.5 M. Pure
phase Bi25FeO39 powder was obtained when CKOH = 1 M. The perovskite BiFeO3
started to appear when the concentration of KOH reached 1.3 M, where it
coexisted with Bi25FeO39 phase, as shown in the XRD pattern. However the
Bi25FeO39 phase completely disappeared as CKOH increased up to 2 M, and single
phase BiFeO3 black powder was obtained.

In addition, pure BiFeO3 can be

obtained even with CKOH as high as 14 M. In order to investigate the effects of the
different mineralizers on the products, a contrast experiment, in which KOH was
replaced by equimolar amounts of NaOH and the other reaction conditions were
unchanged, was conducted. Pure phase Bi2Fe4O9 was obtained when CNaOH > 1 M.
When the concentration of NaOH was lower than 1 M, Bi25FeO39 impurity phase
was found in the obtained Bi2Fe4O9 powders. However, no BiFeO3 phase was
observed when NaOH was used as the mineralizer. Obviously, from the above
results, it can be concluded that the appearance of rhombohedral BiFeO3,
orthorhombic Bi2Fe4O9, and cubic Bi25FeO39 was controlled by the types of
mineralizers and their concentrations. The alkali metal ions might have exerted an
essential influence on the solubility and hydrolysis of Bi3+ and Fe3+ hydroxides,
which led to the formation of different phase bismuth ferrites. However, further
investigation of alkali metal ions to control the hydrothermal formation of bismuth
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ferrites is still necessary.

Figure 5.1 XRD patterns for the samples synthesized under different hydrothermal
conditions at 200oC. The concentration of KOH mineraliser is from 0.1 M to 14 M.
The stoichiometric ratio of Bi(NO3)3 to Fe(NO3)3 is 1:1 for these samples. The amount
of Bi25FeO39 phase decreases when the concentration of KOH is larger than 1 M, and
disappears as KOH > 2 M. The BiFeO3 phase was observed when the KOH
concentration reached 1.3 M.

The XRD patterns and refinement calculation results for bismuth ferrites
synthesized with their corresponding mineralizers (12 M KOH for BiFeO3, 1 M
KOH for Bi25FeO39, and 14 M NaOH for Bi2Fe4O9) are shown in Figure 5.2. The
crystal structures of the as-obtained BiFeO3, Bi25FeO39, and Bi2Fe4O9 were refined
with the Rietica software package. The pure phase BiFeO3 crystallizes in a
rhombohedral structure with space group R3c. The lattice parameters are a = b =
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5.583(2) Å and c = 13.878(9) Å (reliability factors: Rwp< 6.23%, Rp< 3.45%). The
Bi25FeO39, which has the cubic structure with space group I 2 3, has the lattice
parameter a = b = c = 10.18 Å (reliability factors: Rwp< 10%, Rp< 8.5%). The
orthorhombic Bi2Fe4O9 crystallizes in space group PBAM with a = 7.950(5) Å, b =
8.428(5) Å and c = 6.005(5) Å. (reliability factors: Rwp< 10%, Rp< 7.5%). All the
refinement results matched well with the literature values.[15-17]

Figure 5.2 XRD patterns (symbols) and refinement results (solid lines) for BiFeO3,
Bi25FeO39, and Bi2Fe4O9 prepared by the tunable hydrothermal method. The
refinement calculations were based on the XRD patterns of bismuth ferrites
synthesized with the corresponding mineralizers (12 M KOH for BiFeO3, 1 M KOH
for Bi25FeO39, and 14 M NaOH for Bi2Fe4O9). The blue markers show the positions of
the lines in the respective standards, while the bottom trace in each panel shows the
difference between the experimental and calculated results.
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Figure 5.3 FESEM images for samples obtained under different conditions. (a)
Bi25FeO39 obtained in solution with CKOH = 1 mol/L; (b) nanosized Bi2Fe4O9 particles
synthesized with NaOH mineralizer; (c) clusters of Bi25FeO39 and BiFeO3 in sample
with CKOH = 1.3 mol/L, inset is a magnified view; (d) irregular BiFeO3 cluster when
CKOH = 1.5 mol/L, inset is a magnified view; (e) agglomerates of Bi25FeO39 particles;
(f) spherical BiFeO3 particles obtained under high CKOH (14 mol/L) conditions.

5.4.2 Morphologies of Hydrothermal Synthesized Bismuth Ferrites
The FESEM images shown in Figure 5.3 reveal the morphological evolution
under different synthesis conditions. Bi25FeO39 tetrahedral particles with a mean
size of 5 μm were formed under low CKOH (1 mol/L) hydrothermal conditions, as is
shown in Figure 5.3(a). The nanosized Bi2Fe4O9 particles synthesized with NaOH
are platelets with slightly truncated corners or edges, as shown in Figure 5.3(b).
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The mean length of the edges and the mean thickness of those particles were
measured as 290 ± 20 nm and 52 ± 13 nm, respectively. Some intermediate results
assisted by different KOH concentrations can also be seen in Figure 5.3(c), (d),
and (e). Although some agglomerates of Bi25FeO39 particles were observed in the
sample synthesized with CKOH =1.3 mol/L (Figure 5.3(e)), irregular clusters of
BiFeO3 were also found to coexist with tetrahedral Bi25FeO39 (Figure 5.3(c)).
When the CKOH was greater than 1.5 mol/L, clusters of BiFeO3 were formed in
irregular shapes (Figure 5.3(d)). Figure 5.3(f) shows the typical morphology of
BiFeO3 particles obtained under high CKOH (> 2 mol/L) conditions. In contrast to
the Bi24FeO39 and Bi2Fe4O9, the BiFeO3 particles present a spheroidal shape with a
mean diameter of 20 ± 4 μm. The rough surface is due to the submicron-sized
agglomerates of small particles.

5.4.3 Thermodynamic Study on Hydrothermal Synthesis of Bismuth Ferrites
The transformation is proposed to be a typical dissolution-precipitation process,
which is one of common mechanisms in hydrothermal synthesis of materials.[18] In
the reaction, Fe3+ is released from the Fe(OH)3 precursor and reacts with Bi3+
which contributes to hydrolysis of the Bi(OH)3 precursor. In contrast to the in-situ
transformation process, BiFeO3 nuclei may originate directly from the solution and
then agglomerate to form larger particles, as is shown in Figure 5.3(d). The total
reaction of the dissolution-precipitation process can be expressed as:

Bi3+ + Fe3+ + 6OH − ↔ BiFeO3 + 3H 2O

(4)

The other two possible reactions are also given as:

2Bi3+ + Fe3+ + 18OH − ↔ Bi2 Fe4O9 + 9 H 2O

(5)

25Bi3+ + Fe3+ + 78OH − → Bi25FeO39 + 39H2O

(6)
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Generally, a system can be expressed as the following set of reactions:
nj

∑v
i =1

where vi

( j)

i

Ai

( j)

( j)

= 0,

j = 1,2,...., k

(7)
( j)

is the stoichiometric number of species Ai .

The equilibrium constant K j (T , P) of each of these reactions can be expressed as
a function of species activity coefficients as follows:
nj

( j)

K j (T , P ) = ∏ ( m A ( j ) γ A ( j ) )Vi , j = 1,2,...., k
i =1

i

(8)

i

where m A ( j ) is the molality of species Ai

( j)

i

and γ A ( j ) is the activity coefficient of
i

( j)

species Ai .
The equilibrium state can be also provided by the standard Gibbs energy change
( ΔG°r ) in the reactions:
nj

ΔG°rj = ∑ vi G° f ( Ai ) = − RT ln K j (T , P),
i =1

( j)

( j)

(9)

j = 1,2,...., k
( j)

where G° f ( Ai ( j ) ) is the standard Gibbs energy of formation of species Ai .
According to equations (8) and (9), we have mass balance equations. This
system of equations can be solved for the concentration at the equilibrium state of
reacting species. The relation between products and reactants can also be
determined by solving those equations in this case. Therefore, the role of the
mineralizer in this hydrothermal system is expected to be revealed. In order to
calculate the standard Gibbs energy of formation of each species at the temperature
and pressure of interest, some parameters, such as the standard Gibbs energy ΔG° f
, the enthalpy of formation ΔH° f , the entropy at a reference temperature S ° , the
heat capacity at the temperature of interest C p ° , and the partial molar volume V ° ,
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are required. However, data on the BiFeO3 system are very scarce. In order to
estimate the trend of the reaction, some approximate values were used. The
standard G, H, S, and Cp were obtained from a previous work.[19] Autogenous
pressure was assumed because the real pressure in the autoclave is hard to
measure.

Figure 5.4 The species molar ratio in the products as the function of the concentration
of KOH at 200 oC. As CKOH increases, the products are (I) Bi(OH)3+Fe(OH)3, (II)
Bi25FeO39, (III) Bi25FeO39+BiFeO3, and (IV) BiFeO3, respectively.

Figure 5.4 shows the results of the thermodynamic estimation of hydrothermal
synthesis of bismuth ferrites. This diagram exhibits the species molar ratio in the
products as a function of KOH concentration at 200 oC using the ideal solution
approximation. The important feature of this hydrothermal system is found to be
the competition between the formation of BiFeO3 and that of Bi25FeO39 at different
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alkaline concentrations. When CKOH is lower than 0.3 mol/L, the coprecipitation of
Bi(OH)3 and Fe(OH)3 is stable in the precursor, and no reaction happens. The
Bi25FeO39 phase starts to form when the concentration of potassium hydrate
reaches 0.3 mol/L. Pure Bi25FeO39 is obtained at 0.7 mol/L < CKOH < 1.2 mol/L. As
CKOH increases up to 1.2 mol/L, the formation of Bi25FeO39 becomes difficult, and
the BiFeO3 phase starts to appear. Therefore, the product is a mixture of Bi25FeO39
and BiFeO3 powders under these conditions. The main product component
becomes BiFeO3 particles when CKOH is larger than 1.5 mol/L. The Bi25FeO39
content is reduced to less than 2% in the as-obtained powders. The pure phase of
BiFeO3 can be obtained when CKOH is greater than 2 mol/L in the hydrothermal
system at 200 oC. Therefore, the diagram can be divided into four regimes based
on the concentration of KOH: (I) the non-reaction (CKOH < 0.3 mol/L) regime at
which no hydrothermal process occurs; (II) the low CKOH (< 1.2 mol/L) regime,
which favours the formation of Bi25FeO39; (III) the intermediate CKOH (1.2 mol/L<
CKOH < 2 mol/L) regime in which a mixture of Bi25FeO39 and BiFeO3 will form;
and (IV) the high CKOH (> 2 mol/L) regime, which is the optimum for BiFeO3
synthesis. This result agrees with our XRD measurements. It should be noted that
the calculations indicate the hydrothermal formation of Bi2Fe4O9 phase in the
presence of KOH mineralizer. However, the calculated amount of Bi2Fe4O9 phase
was far less than that of the BiFeO3 and Bi25FeO39 phases, which matches well
with our experimental results revealed by XRD patterns, with no trace of Bi2Fe4O9
phase observed within the experimental-theory error range.

5.4.4 Magnetic Properties of Bismuth Ferrites
The magnetic properties of these bismuth ferrites were also studied. The
temperature dependence of the zero field cooled (ZFC) and field cooled (FC)
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magnetizations of the three different bismuth ferrites were measured in a 1000 Oe
field between 5 K and 350 K, as shown in Figure 5.5. The M-H loops measured at
10 K are shown in the insets. Bi2Fe4O9 shows a remarkable feature of
antiferromagnetic order at 250 K that is known as the Néel temperature (as shown
in inset 1). As demonstrated in inset 2, the magnetic hysteresis loop has an almost
linear field dependence that clearly demonstrates the antiferromagnetic behaviour.
For the BiFeO3 sample, the FC- ZFC magnetization curves overlap with each
other. The plots monotonically decrease as the temperature increases from 30 K to
250 K. As shown in the inset, the magnetic moment of the as-obtained BiFeO3
particles is found to be 0.25 emu/g in a 3 T field at 10 K. Its hysteresis loop does
not exhibit any linear M-H relationship, in contrast to that in bulk BiFeO3. For
Bi25FeO39 particles, the magnetization increases monotonically as the temperature
decreases, which is typical paramagnetic behaviour. However, irreversibility in the
ZFC-FC curves is observed below 26 K, indicating that a possible ferromagnetic
transition occurs at this temperature. The hysteresis loop of Bi25FeO39 shows
obvious ferromagnetic behaviour with a coercive field of 287 Oe at 10 K. The
ferromagnetism in such a diluted magnetic system might be attributed to the
fluctuation of iron ions in the crystal structure, resulting in some nanoregions
where the short distance between iron atoms favours ferromagnetic interaction.

129

Figure 5.5 FC-ZFC magnetization curves of bismuth ferrites: (a) Bi2Fe4O9, (b)
BiFeO3, and (c) Bi25FeO39 The inset in the Bi2Fe4O9 plot is a magnified view around
the Néel temperature (TN) at 250 K. The M-H loop measured at 10 K for each sample
is shown as the inset in every plot.
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5.5 La doped BiFeO3 Particles: Structural, Ferromagnetic and Dielectric
Properties
In previous work, BiFeO3 in the forms of bulk, thin film, and particles were
prepared by diverse routes.[20-25] However, a superimposed spiral spin structure with
an incommensurate long-wavelength period of 62 nm cancels the macroscopic
magnetization and also inhibits the observation of the linear magnetoelectric effect in
bulk BiFeO3. In addition, due to the existence of large number of charge centres
caused by oxygen deficiency and bismuth evaporation during high temperature
sintering process, the bulk BiFeO3 is characterized by serious current leakage
problems making it difficult to attain high resistivity. Many attempts have been made
to overcome these disadvantages, including doping different elements into BiFeO3 and
deposition of multi-layer thin films.[26-29] It has been proved that lanthanum
substitution is an efficient way to improve the ferroelectric property as well as
ferromagnetic property of bismuth ferrite.[30-32] However, it should be noted that much
of the work on the La doping effect in bismuth ferrite reported so far has usually
focused on thin films and bulk samples. Because the thin film performance highly
depends on the film thickness and the strain formed due to lattice mismatch between
the film and the substrate, it is always hard to distinguish the genuine effect of element
substitution from strain effect. Bulk La doped BiFeO3 material, prepared by solid state
reaction, still has the problems of non-stoichiometry and impurities.
In this work, a hydrothermal method was employed to synthesize the lanthanum
doped bismuth ferrite with compositions of Bi1-xLaxFeO3 (x = 0.0, 0.1, 0.2, and 0.3).
The purpose is to provide further experimental evidence to examine the La doping
effect in bismuth ferrite. Therefore, the structure, dielectric and ferromagnetic
properties of all the as-prepared samples were characterized. It was found that the
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enhancement of the ferromagnetic and dielectric properties was attributed to the
structure distortion caused by lanthanum substitution in the BiFeO3.
5.5.1 Structural Properties of Bi1-xLaxFeO3
Figure 5.6 (a) shows the XRD pattern for the sample Bi1-xLaxFeO3 (x = 0, 0.1, 0.2,
and 0.3). The XRD refinement is carried out and the calculation results are listed in
Table 3.1. Figure 5.6 (b) shows the XRD refinement patterns for sample
Bi0.9La0.1FeO3 (the reliable factor of refinement calculation: Rp= 3.412). Unlike solidstate synthesized La doped BiFeO3, there is not any phase transition observed as
doping level between x= 0.2 and x= 0.3.[33] It is found that all the samples are single
phase crystallizing in a rhombohedral structure with a space group of R3c, without
detectable impurity. The significant change after La doping is the increasing intensity
of the (110) peak. This indicates that the lanthanum substitution into bismuth positions
improves the crystal growth in this orientation. It is found that the lattice parameters of
La doped BiFeO3 are larger than that of un-doped BiFeO3. As the doping level rising,
the lattice parameters increase correspondingly as well. However, the Fe-O (1) and
Fe-O (2) bond lengths are not associated with the trend of the doping level, as shown
in Table 3.1. The Fe-O (1) and Fe-O (2) bond lengths reach respectively the maximum
values of 2.00(5) Å and 2.24(8) Å when x = 0.1. The bond length ratio of Fe-O (1) and
Fe-O (2) are found to be the largest at x = 0.2. Because the ionic radius of La3+
(~1.061 Å) is larger than that of Bi3+ (~1.03 Å), the substitution of La causes
distortion of the crystal structure in which results in the increase of the lattice
parameters. However, unlike Bi, La has less effect on the Fe-O octahedra due to its
non 6s2 electron configuration. Both effects lead to the irregular disordered change of
the Fe-O bonds.
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Figure 5.6 XRD and its refinement results for Bi1-xLaxFeO3 (0 ≤ x ≤ 0.3) samples: (a)
XRD patterns for Bi1-xLaxFeO3 (0 ≤ x ≤ 0.3); (b) refinement result for Bi0.9La0.1FeO3
(Rp= 3.412): The dashed lines are experimental data, while the solid lines are the
calculation results. The vertical bars indicate the peak positions that are calculated by
refinement, and the bottom solid lines indicate the differences between experimental
and calculation results.
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Table 5.1 Calculated lattice parameters of Bi1-xLaxFeO3 (x = 0.0, 0.1, 0.2, and 0.3) by
refinement of the experimental data.
Samples

a (Å)

b (Å)

c (Å)

BiFeO3
Bi0.9La0.1FeO3
Bi0.8La0.2FeO3
Bi0.7La0.3FeO3

5.58(3)
5.59(9)
5.63(3)
5.65(8)

5.58(3)
5.59(9)
5.63(3)
5.65(8)

13.87(9)
13.92(3)
13.99(6)
14.02(1)

Fe-O (1)
(Å)
1.95(9)
2.00(5)
1.94(9)
1.93(6)

Fe-O (2)
(Å)
2.12(7)
2.24(8)
2.20(1)
2.17(5)

Fe-O (2)/
Fe-O (1)
1.086
1.121
1.130
1.123

Figure 5.7 SEM images of Bi1-xLaxFeO3 (0 ≤ x ≤ 0.3); (a) x = 0, (b) x = 0.1, (c) x= 0.2,
and (c) x = 0.4.

5.5.2 Morphologies of Bi1-xLaxFeO3
Figure 5.7 shows SEM images of Bi1-xLaxFeO3 (0 ≤ x ≤ 0.3) particles. All the
samples are found to be micron-sized particles that are agglomerates of sub-micron
grains. The morphologies of these samples are affected by the lanthanum doping level.
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The un-doped BiFeO3 particles are spheroidal, with a mean diameter of 30 μm. The
surfaces of the particles are very rough, as shown in Figure 5.7 (a). After lanthanum
doping, the diameter of particles is reduced to mean diameter of 5 μm. The surface
appears smoother compared with the un-doped sample. However, the particles still
retain a spheroidal shape at x = 0.1 and 0.2 (as seen in Figure 5.7 (b) and (c)). When
the La doping level increases to x = 0.3, the particle morphology changes to a uniform
octahedral shape with a smooth surface. The size of most particles is around 10 μm.
The particle morphologies indicate that the doped lanthanum ion has an effect on the
crystallization habit of BiFeO3 particles in hydrothermal synthesis.

5.5.3 Dielectric Properties of Bi1-xLaxFeO3
The dielectric constant (εr) and loss of the Bi1-xLaxFeO3 (x = 0, 0.1, 0.2, and 0.3)
pellets after being sintered at 527 K are shown in Figure 5.8. The dielectric constants
for all the samples decrease as the frequency increases in a range from 20 Hz to 15
MHz, which can be explained by a conventional dielectric relaxation process. εr is
quite small and stable in fields with frequency larger than 1 MHz. The value of the
real part of the dielectric constant increases after doping with La, and reaches its
maximum when x = 0.2. For instance, the dielectric constant is 160 at 600 Hz for x =
0.2 sample, more than threefold that of pure BiFeO3, as shown in Figure 5.8 (a) inset.
The improvement in the dielectric constant is possibly caused by the change of
structure after lanthanum doping. As discussed above, the Fe-O (1)/ Fe-O (2) bond
length ratio increases after La substitution. This further distortion of the Fe-O
octahedra might lead to an increase in polarization ability in the form of dielectric
constant. Since all the La-doped samples have greater values of the Fe-O bond length
ratio than the un-doped samples, the dielectric constants are larger in the doped
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samples. Moreover, the sample with x = 0.2 has the greatest dielectric constant
because of having the largest ratio of the Fe-O bond lengths. The dielectric loss
decreases in the whole frequency range and increases along with the doping level, as
shown in Figure 5.8 (b).

Figure 5.8 (a) dielectric constant as functions of frequency for Bi1-xLaxFeO3 samples
(x = 0.0, 0.1, 0.2, and 0.3), the inset is the dielectric constant in low frequency range;
(b) dielectric loss as functions of frequency for Bi1-xLaxFeO3 samples.
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5.5.4 Magnetic Properties of Bi1-xLaxFeO3
The magnetic properties of the Bi1-xLaxFeO3 (x = 0, 0.1, 0.2, and 0.3) pellets after
being sintered at 527 K are shown in Figure 5.9(a). The temperature dependence of
the magnetization (zero field cooled measurement), measured over the temperature
range from 5 K to 340 K in 2000 Oe field, indicates that the magnetization is
enhanced by La doping. The magnetization of Bi0.7La0.3FeO3, which is 0.308 emu/g, is
found to be sixfold that of the un-doped sample (0.053 emu/g) at 5 K. The
magnetizations of the samples with x = 0.2 and 0.3 have similar values at all
temperatures. Figure 5.9(b) presents the magnetization as a function of field. It can be
seen that the magnetization of the samples increases with increasing doping level in
low field at 300 K. The magnetic moments are also observed to be 0.264 emu/g, 0.658
emu/g, for the BiFeO3 and Bi0.9La0.1FeO3 in a field of 3 T at 77 K, respectively, as
shown in the inset 1 in Figure 5.9(b). The magnification of M- H loop for sample x=
0.3 at 77 K is shown in inset 2 of Figure 5.9(b). The magnetic moment is significantly
enhanced compared with our previous work on bulk La doped BiFeO3.[27] The trend in
the net magnetic moment is associated with the doping level. The reason for the
enhanced ferromagnetic properties should be the distortion of the crystal structure
after La doping. The potential magnetization locked in the cycloid spin structure of the
pure BiFeO3 is released due to the distortion of the crystal structure by La doping. In
addition, the modified size and morphology of the agglomerated particle after doping
with La might also contribute to the enhancement in the magnetic moment through
destroying the cycloid magnetic structure. As we known, the period of spiral spin
magnetic structure in BiFeO3 is 62 nm. Therefore nano Bi1-xLaxFeO3 grains that
agglomerate into micron particles might break this period and induce enhanced
magnetic property. At last, according to our previous work on La doped BiFeO3 bulk
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and thin films,

[2, 27]

the doped La ions will inhibits the formation of defects, e.g.

oxygen vacancies, which will overcome the current leakage problem and enhance
ferroelectric property in BiFeO3.

Figure 5.9 Magnetic properties of BiFe1-xCrxO3 (0 ≤ x ≤ 0.3) samples: (a)
Magnetization as a function of temperature (zero field cooled measurement) from 5 K
to 340 K in 2000 Oe field. (b) Magnetization vs. field at 300 K. The inset 1 shows
magnetization vs. field at 77 K. The inset 2 shows the magnification of hysteresis loop
for sample x= 0.3 at 77 K.
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5.6 Cr doped BiFeO3 Particles: Structural, Ferromagnetic and Dielectric
In this section, micron-sized BiFe1-xCrxO3 particles with different doping levels (x
= 0.025, 0.05, 0.075, and 0.1) were prepared via a hydrothermal method. The crystal
structure of samples has been studied in detail by X-ray diffraction (XRD) refinement.
The magnetic properties, such as magnetization dependence on temperature (M-T) and
on field (M-H), have been investigated. The frequency dependence of the dielectric
constant and dielectric loss at room temperature has also been measured.

5.6.1 Structural Properties of Cr doped BiFeO3 Particles
Figure 5.10 shows the XRD patterns of BiFe1-xCrxO3 with different doping levels
(x = 0, 0.025, 0.05, 0.075, and 0.1). All the results can be indexed well by Joint
Committee on Powder Diffraction Standards (JCPDS) card 20-0169. The crystal
structure is rhombohedral and in space group R3c. No impurity phase was found in
these samples, which means that all of the samples are single phase.

Figure 5.10 XRD patterns of BiFe1-xCrxO3 (0 ≤ x ≤ 0.1) samples.
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Figure 5.11 XRD refinement of BiFeO3 sample. (a) is the calculated result for pure
BiFeO3. The dashed lines are experimental data, while the solid curves are the
calculation results. The vertical bars indicate the peak positions that are calculated by
refinement, and the bottom solid lines indicate the differences between experimental
and calculation results. (b) is a schematic diagram of the Fe-O octahedra in the BiFe1xCrxO3

samples; the inset shows a single Fe-O octahedron with both stick-ball and

polyhedron models.
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Table 5.2 Calculated lattice parameters of BiFe1-xCrxO3 (0≤x ≤ 0.1) by refinement of
XRD data.

Samples

a (Å)

c (Å)

BiFeO3
BiFe0.975Cr0.025O3
BiFe0.95Cr0.05O3
BiFe0.925Cr0.075O3
BiFe0.9Cr0.1O3

5.58(3)
5.58(6)
5.58(2)
5.57(5)
5.57(2)

13.87(9)
13.88(2)
13.87(2)
13.85(9)
13.85(6)

Fe- O (1)
(Å)
1.95(9)
1.93(9)
1.93(1)
1.87(9)
1.85(6)

Fe- O (2)
(Å)
2.12(7)
2.11(9)
2.12(8)
2.15(3)
2.22(4)

(1)/ (2)
0.921
0.915
0.907
0.873
0.834

XRD refinement results for BiFe1-xCrxO3 samples are carried out as shown in
Figure 5.11 It can be seen that the XRD refinements fits well with the experimental
data. The lattice parameters of samples with different doping levels are listed in the
Table 3.2. The calculations verify that the lattice parameters are similar in samples
with x = 0 and 0.025, however, the Fe-O (1) and Fe-O (2) bond lengths are shortened
in BiFe0.975Cr0.025O3. Although the c/a ratios are all equal to 2.49 with the different
doping levels, lattice parameters a, b, and c decrease as the Cr doping level increases.
Likewise, the Fe-O (1) bond lengths decease, while the Fe-O (2) bond lengths increase,
as x values rise from 0.025 to 0.1. The ratios between Fe-O (1) and Fe-O (2) are also
listed in the table, which shows the decreasing trend with increasing doping level. It
can be deduced that the Fe-O octahedra in the BiFe1-xCrxO3 crystal structure are
becoming more asymmetric (as shown in Figure 5.11(b) by the distortion along the
O(1)- Fe-O(2) direction in the inset), because of which the physical properties of the
more heavily doped samples are expected to be different from those of the pure
BiFeO3 sample.
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5.6.2 Morphologies of Cr doped BiFeO3 Particles
Figure 5.12 shows SEM images of BiFe1-xCrxO3 (x = 0, 0.05, and 0.1) particles.
The morphologies of those samples are strongly dependent on the Cr doping level.
The pure BiFeO3 particles are spheroidal, with a mean diameter of 30 μm. The
surfaces of the particles are very rough. After chromium doping, the diameter of the
particles is reduced. The BiFe0.975Cr0.05O3 particles still retain their rough, sphere-like
shape. As the Cr doping level increases to x = 0.1, the particle morphology changes to
a uniform octahedral shape with a smooth surface, and the size of most particles is
reduced to less than 15 μm.

Figure 5.12 SEM images of BiFe1-xCrxO3: (a) x = 0, (b) x = 0.05, and (c) x = 0.1.

Figure
5.13 Dielectric constant and loss as functions of frequency for BiFe1-xCrxO3 samples
(0 ≤ x ≤ 0.1).
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Figure 5.14 Magnetic properties of BiFe1-xCrxO3 samples (0 ≤ x ≤ 0.1): (a)
Magnetization as a function of temperature (zero field cooled measurement) for BiFe1xCrxO3

samples (0 ≤ x ≤ 0.1) from 5 K to 350 K in 2000 Oe field. (b) M-H hysteresis

loops measured in 3 T field at 10 K for BiFe1-xCrxO3 (x = 0, 0.025, and 0.075) samples;
the inset is a magnified view of the loop of the BiFe0.975Cr0.025O3 sample at 10 K.
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5.6.3 Dielectric Properties of Cr doped BiFeO3 Particles
Figure 5.13 shows the dielectric constants (ε’) of BiFe1-xCrxO3 as a function of
frequency for five samples at room temperature, and the dielectric loss curves versus
frequency. The frequency range applied was from 100 Hz to 15 MHz. The dielectric
constants for all samples decrease with increasing frequency, which can be explained
by a conventional dielectric relaxation process. It is found that the value of the
dielectric constant is significantly increased by Cr substitution. For instance, the
dielectric constant is 410 when x = 0.0025 at 600 Hz, nearly fourfold that of pure
BiFeO3. As more Cr ions substitute into Fe ion positions, the dielectric constant also
increases and reaches its maximum when x = 0.1. The obtained dielectric constants
were larger than that of the bulk sample prepared by conventional solid state
reaction.[34] Similar to the dielectric constant, the dielectric loss also decreases with
increasing frequency. Both the dielectric constant and the dielectric loss are very
stable in the frequency range from 5 kHz to 15 MHz.

5.6.4 Magnetic Properties of Cr doped BiFeO3 Particles
The magnetic properties for BiFe1-xCrxO3 (0 ≤ x ≤ 0.1) samples are shown in
Figure 5.14. The temperature dependence of the magnetization process (zero field
cooled measurement), which was measured in the temperature range from 5 K to 350
K in 2000 Oe field, indicates that all the samples have a ferromagnetic moment at
room temperature, as shown in Figure 5.14(a). The magnetization is enhanced with
increasing doping level. The magnetization of BiFe0.975Cr0.025O3 and BiFe0.9Cr0.1O3
decrease significantly as the temperature rises, and these samples are more
temperature sensitive compared with the samples with x = 0 and 0.075. Magnetization
as a function of field from -3 T to 3 T at 10 K is shown in Figure 5.14(b). The
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magnetic moments at 3 T are 0.263 emu/g, 0.502 emu/g, and 0.314 emu/g for the
BiFeO3, BiFe0.975Cr0.025O3, and BiFe0.925Cr0.075O3 samples, respectively. It is clear that
the Cr ions enhance the magnetization of samples with x < 0.1. This result is greater
than in our previous work on bulk BiFeO3.[27] It should be pointed out that the trend of
the net magnetic moment is not associated with the doping level, which deviates from
what we expected before. The possible reason for this phenomenon might be the
magnetic disorder caused by the doped Cr ions. The formation of a local ordered
structure in a A(B`B``)O3 perovkite model due to the different sizes of the B’ and
B’’ ions, which would cause the antiferromagnetic ordering. As the Cr ion doping
level rises, the antiferromagnetic ordering in the spiral magnetic structures might vary.
The total magnetic behaviour for the samples therefore shows a fluctuation.

5.7 BiFeO3 Hollow Nanoparticles: Morphology, Magnetism and Ferroelectricity
Recently, inorganic hollow nanostructures with a thin shell and large interior
space have attracted intensive interest due to their high specific surface area, lower
density, and excellent permeability, which give them many potential uses in
applications involving chemical reactors, sensors, drug delivery, catalysis, and
batteries.[35-37] The conventional approaches to deriving the inorganic hollow
nanostructures are the template assisted method and interfacial synthesis.[38-40] One
important process in both approaches is the removal of the template or the core after
the shell formation, which results in complication of the preparation and limits their
applications. Cracked hollow nanostructures are also unavoidable during the template
or core removal process. Several new sonochemical and solvothermal techniques have
been reported to simplify the preparation of hollow structures.[41-43] However, nanosized phase-metastable materials are still difficult to obtain via these techniques.
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Multiferroic materials are compounds which exhibit (anti-)ferromagnetism (AFM/
FM) and ferroelectricity (FE) simultaneously. The mutual control of electrical
polarization and magnetic ordering, i.e., magnetoelectric (ME) coupling in these
materials, has promise for their application in novel multifunctional devices. It is
expected that electric polarization that is controllable by an external magnetic field in
multiferroic materials with hollow structures could have benefits for drug delivery and
release. The medicine releasing process would be controlled by electric polarization of
the material through tuning an external magnetic field. Moreover, the magnetic
property of multiferroic compounds would also enhance the contrast in magnetic
resonance imaging (MRI).
BiFeO3 is an important room-temperature multiferroic compound with
magnetic transition temperature TN≈ 643 K and ferroelectric transition temperature
TC≈ 1093 K.[44-47] The hollow BiFeO3 nanoparticles can be used for
multifunctional applications with tunable performance under external magnetic and
electric fields at room temperature. However, It is hard to synthesize this
multiferroic compound with specific nanostructures due to its metastable phases
and complex perovskite structures. In addition, the characterization of intrinsic
ferroelectric property of BiFeO3 nanoparticles is extremely difficult due to their
small size.
In this section, BiFeO3 multiferroic hollow nanoparticles are successfully
fabricated by using a simple electrospray method. The formation mechanism of
BiFeO3 hollow nanoparticles were revealed by structure and morphologies studies.
The ferroelectric polarization of hollow nanoparticles has been observed by a
Kelvin probe force microscopy (KPFM) for the first time. The BiFeO3 hollow
nanoparticles exhibit an enhanced magnetic moment at room temperature due to a
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broken spiral spin structure, which confirmed by the magnetic measurement.

(a)

(b)

(c)

(d)

Figure 5.15 Morphology of BiFeO3 hollow nanoparticles. (a) TEM micrographs of
BiFeO3 hollow nanoparticles synthesized by the electrospray method; the inset 1 is the
BiFeO3 nanoparticles prepared in a spraying duration of 3 min and the insets 2 is
magnified view of a single particle with the fragment-like dots on the shell, which is
formed in a spraying duration of 5 min. The scale bars in both insets represent 100
nm. (b) HRTEM image of a typical portion of a BiFeO3 hollow particle; the inset is
the corresponding SAED pattern. (c) SEM images of as-prepared BiFeO3
nanoparticles with a spraying duration of 5 min; the inset shows a magnified view of a
single core-shell particle. (d) Sample prepared with a spraying duration of 10 min; the
inset is the EDS result.
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5.7.1 Morphologies of BiFeO3 Hollow Nanoparticles
Figure 5.15(a) and (b) show TEM images for BiFeO3 hollow spherical
nanoparticles synthesized by electrospray method. It reveals that all the particles
formed on the substrate with different spraying durations at 600 oC show spherical
shape. We found that single-phase BiFeO3 nanoparticles with hollow structures
can be formed in spraying duration of more than 10 min. It is believed that there
are two steps that convert solid spheres into hollow spheres during the electrospray
process. According to Kirkendall effect and Ostwald ripening mechanism for
electrospray method,[35,49] solid sphere particles consisting of Bi2O3 and Fe2O3 are
formed at the beginning. Then, the reaction between the Bi2O3 and Fe2O3 takes
place at high temperature in-situ forming the BiFeO3 phase and eventually convert
the solid particles into hollow particles completely. Short spraying duration leads
to inadequate diffusion of materials during the formation of the nanoparticles,
which results in the coexistence of solid, core-shell, and hollow spheres, as shown
in the inset 1 of Figure 5.15(a). Large amounts of BiFeO3 nanoparticles were
formed when the spraying duration was 5 min. However, some remaining
fragment-like dots were found to adhere to the shell of BiFeO3 hollow
nanoparticles, which is indicated in the inset 2 of Figure 5.15(a). These dots
formed during the shell shrinking process as the precursor droplets became
attached to the substrate. When the spraying duration increased to 10 min,
nanosized BiFeO3 with a structure consisting of clear hollow spheres was formed
(Figure 5.15(a)). The diameters of the as-obtained nanospheres vary from 50 nm to
200 nm. The thickness of the shell is estimated as ~20 nm. Furthermore, HRTEM
images and selected area electron diffraction (SAED) patterns confirm that the asprepared BiFeO3 particles are polycrystalline. The presence of (101) and (012)
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plane diffraction fringes in a sample with d-spacings of 3.86 Å and 2.71 Å are
shown in Figure 5.15(b), which well matches JCPDS Card No. 20-169. The
corresponding SAED pattern is shown in the inset. The SEM observations also
support the formation process of the BiFeO3 hollow and core-shell particles, as
shown in Figure 5.15(c) and (d). The EDS result confirmed that the as-obtained
nanoparticles contain Bi, Fe, and O with an atomic Bi: Fe: O ratio of ~1: 1: 3,
which agrees with the expected stoichiometry and XRD results.

Figure 5.16 XRD pattern of BiFeO3 hollow nanoparticles fabricated by the
electrospray method. The inset is Raman spectrum for BiFeO3 nanoparticles.

5.7.2 XRD and Raman Studies on BiFeO3 Hollow Nanoparticles
Figure 5.16 shows the XRD pattern for the BiFeO3 hollow spherical nanoparticles
formed on the Al2O3 substrate. The diffraction peaks are well indexed by BiFeO3
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phase with a rhombohedral structure and space group R3c. (The peaks from substrate
are also marked). The XRD peaks indicate the highly crystalline nature of the asobtained nanoparticles. Raman spectrum of the BiFeO3 hollow nanoparticles collected
at room temperature is shown in the inset of Figure 5.16. Raman studies of the BiFeO3
nanoparticles, micron-size particles, and bulk samples collected at room temperature
reveal the vibrational modes, as shown in Figure 5.17(a). In order to identify the
Raman shift peaks for different samples, the Raman spectra were fitted in the range of
100−600 cm-1 for hollow nanoparticles by the Gaussian fitting method (Figure
5.17(b)). The irreducible representation for rhombohedral BiFeO3 with the R3c
structure at the centre of the Brillouin zone is given by ΓRaman, R3c = 4A1 + 9E. Eleven
indentified vibration modes, which consist of the four A1 modes and seven E modes
are observed for the hollow nanoparticles, in agreement with what has been reported
in BiFeO3 polycrystalline bulks.[50] However, the Raman peaks of the BiFeO3 hollow
nanoparticles are found to shift to lower wave number, compared to bulk samples.
This is because the translational symmetry of crystalline material is broken at grain
boundaries, which results in the appearance of specific surface and interface
vibrational contributions.[51] As the grain size of BiFeO3 nanoparticles is very tiny, it
leads to more surface areas/grain boundaries causing the Raman peaks shifting to low
wave numbers.
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Figure 5.17 Raman spectra of BiFeO3 samples collected at room temperature: (a)
Raman spectra for BiFeO3 nanoparticles, micron-scale particles, and a bulk sample;
(b) normalized Raman spectrum with fitted Raman peaks for BiFeO3 nanoparticles.
The vibration modes are indexed on the bottom; the inset shows the laser spot on the
sample.
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5.7.3 Formation Mechanism of BiFeO3 Hollow Nanoparticles
It is believed that there are two steps that convert solid spheres into hollow
spheres during the electrospray process. According to Kirkendall effect and Ostwald
ripening mechanism for electrospray method, solid sphere particles consisting of
Bi2O3 and Fe2O3 are formed at the beginning. Then, the reaction between the Bi2O3
and Fe2O3 takes place at high temperature in-situ forming the BiFeO3 phase and
eventually convert the solid particles into hollow particles completely. Short spraying
duration leads to inadequate diffusion of materials during the formation of the
nanoparticles, which results in the coexistence of solid, core-shell, and hollow spheres.
The formation process is illustrated in Figure 5.18.

Figure 5.18. Schematic illustration and evidence of the formation and shape evolution
of BiFeO3 hollow nanoparticles: (a) schematic diagram of formation mechanism; (b)
SEM and TEM evidence for each step in the evolution.

5.7.4 Magnetic Properties of BiFeO3 Hollow Nanoparticles
The magnetic property measurements were performed on bismuth ferrite
hollow nanoparticles on a Quantum Design superconducting quantum interference
device (SQUID), and the results are shown in Figure 5.19. The magnetic hysteresis
loops for BiFeO3 hollow nanoparticles measured at both 5 K and 300 K are shown
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in Figure 5.19. It reveals that the BiFeO3 hollow particles exhibit weak
ferromagnetic behavior with magnetic moment of ~0.07 emu/g at 5 K and 0.045
emu/g at 300 K in magnetic field of 0.1 T. The coercive field of sample is found to
be 200 Oe at 5 K. These values are much larger than what has been observed in
un-doped bulk BiFeO3 samples.[52] Since the grain size of BiFeO3 forming the
hollow particles is ~40 nm which is smaller than the period of the spin spiral
structure (64 nm), enhanced magnetization is expected for the BiFeO3 hollow
particles due to uncompensated spins as a results of the broken period of the spiral
spin structure.[4] Moreover, the defects, such as oxygen vacancies, can induce the
formation of dangling bonds on the BiFeO3 particle surface, which enhances the
magnetic moments of these hollow particles. The temperature dependence of the
field cooled (FC) magnetization for the BiFeO3 nanoparticles from 325 K to 700 K
is shown in the inset 2 of Figure 5.19. It shows a transition around 600 K, which
corresponds to the bulk antiferromagnetic transition temperature of BiFeO3.

Figure 5.19 Magnetization as a function of magnetic field of BiFeO3 hollow
nanoparticles at 5 K. The inset 1 is the M-H loop observed at 300 K. The inset 2 is the
temperature dependence of magnetization (field-cooled) measured in a magnetic field
of 10 Oe from 325 K to700 K.
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(a)

(b)
Figure 5.20 KPFM images of BiFeO3 hollow nanoparticles. (a) The surface potential
image of sample after the switching processes with bias voltages of 0.5 V, 1.0 V, 3.0
V, and 5.0 V. (b) The sample surface potential as a function of the bias voltage; the
inset is the line potential profiles of the KPFM images of individual BiFeO3 hollow
nanoparticle (corresponding to the blue line in Figure 5.20(a)).
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5.7.5 Ferroelectric Property of BiFeO3 Hollow Nanoparticles
The room temperature ferroelectricity of the BiFeO3 hollow nanoparticles is
confirmed by the Kelvin probe force microscopy (KPFM) measurement[53-55] on a
sample area of 1.98 µm×1.98 µm with scan speed of 1 Hz. Figure 5.20(a) is
surface potential images of BiFeO3 hollow nanoparticles under different bias
voltages. The polarized particles are brighter in the potential images than the Si
substrate area due to their higher potential. The potential line profile of
corresponding individual BiFeO3 particles in Figure 5.20(a) is shown in the inset
of Figure 5.20(b). Results show that the surface potential of BiFeO3 hollow
particles increases gradually when applied bias voltage increases from 0.5 V to 5
V. The surface potential as a function of bias voltage for the BiFeO3 hollow
nanoparticles is plotted in Figure 5.20(b). A non-linear increase of surface
potential induced by the bias was observed which indicates a switchable
polarization behavior. The surface potential is saturated at 800 mV when the bias
voltage is increased up to 1 V. The electric field for the saturation polarization is
calculated to be about 70 kV/cm which is much smaller than that of BiFeO3 bulk
samples,13 indicating that the electric dipole can be easily switched in the hollow
nanoparticles in low electric field. PFM is required to further confirm polarization.

5.8 Conclusion
Through tuning the hydrothermal reaction conditions, a variety of bismuth
ferrites, including BiFeO3, Bi2Fe4O9, and Bi25FeO39 with different morphologies,
have been successfully synthesized. The alkaline mineralizers, KOH and NaOH, as
well as their concentrations, play an important role in yielding different products.
The hydrothermal synthesis of bismuth ferrites is well explained by the
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dissolution-precipitation mechanism. For different concentrations of mineralizer,
the hydrothermal process can be divided into four regimes. The magnetic
properties of the as-obtained different bismuth ferrites have also been studied in
detail.
Bi1-xLaxFeO3 (x= 0.0, 0.1, 0.2, and 0.3) was prepared by a hydrothermal method.
It was found that the lattice parameters increased after La doping. The Fe-O bond
lengths were also strongly affected by the doping level, and reached to the largest
value at x= 0.2. The morphologies of the obtained particles were found speroidal
when x≤ 0.2 and changing to octahedral as x= 0.3. The dielectric measurements
showed that the dielectric constant was enhanced fourfold after La doping (x= 0.2) at
room temperature. The magnetic moment was observed as increasing from 0.264
emu/g of BiFeO3 to 0.658 emu/g of Bi0.9La0.1FeO3 in a field of 3 T at 77 K. Both
enhancements of ferromagnetic and dielectric properties possibly attribute to structure
distortion as well as variety of Fe-O bond lengths after La substitution.
BiFe1-xCrxO3 (0 ≤ x ≤ 0.1) is prepared by a hydrothermal method. It is found that
the lattice parameters a, c and the Fe-O (1) bond lengths vary decreasingly as x values
rise from 0.025 to 0.1. The particle morphology changes from spherical to octahedral
shape when Cr content increases. The dielectric measurements show that the dielectric
constant is strongly enhanced after Cr doping. The magnetic properties of the samples
are also affected by the chromium substitution, which might enhance the magnetic
moment in an antiferromagnetic ordering with a spiral magnetic structure.
BiFeO3 multiferroic hollow spherical nanoparticles were successfully
synthesized by the electrospray method. The diameter of BiFeO3 hollow
nanoparticles was found to be approximately 100 nm with shell thickness of ~35
nm. The Raman peaks of as-prepared nanoparticles shift to lower frequency due to
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increased surface areas and grain boundaries. The hollow BiFeO3 particles exhibit
ferroelectricity with lower switching electric field and enhanced magnetic moment
at room temperature compared to BiFeO3 bulks and thin films.
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Chapter 6. La Doped Multiferroic DyFeO3: Structural,
Raman, and Magnetic properties

6.1 Background
Compounds which display coexistence of magnetic and ferroelectric (FE) orders
are known as multiferroic materials [1]. Among these materials, FE (anti-)ferromagnets
have been extensively studied due to their possible applications in many fields, [2-4]
such as non-volatile memory devices, sensors, and actuators. However, only a very
few single-phase multiferroic materials which exhibit both large electric polarization
(P) and strong magnetoelectric (ME) coupling have been studied so far. [5-7] Recently,
a magnetic-field-induced ferroelectric state has been observed in DyFeO3 single
crystal. [8] A large linear ME tensor component ~2.4 × 10-2 was found below ~4 K. It
was reported that the exchange striction working between antiferromagnetically
ordered Fe3+ and Dy3+ layer structures is the possible origin for the multiferroic
behaviour. Thus, study of the interaction between the two types of magnetic atoms
(Dy and Fe) in DyFeO3 is quite important to reveal the microscopic mechanism
behind multiferroic behaviour. As one of typical perovskite RETMO3 (RE: rare-earth;
TM: transition metal) compounds, DyFeO3 crystallizes in the orthorhombic structure
with space group Pnma. The Dy3+ ions are located in the space between the FeO6
octahedra in the crystal structure. The magnetic interactions in DyFeO3 should follow
the hierarchy of Fe-Fe, Fe-Dy, and Dy-Dy in descending order. [9] In previous works,
the magnetic structure, as well as the Fe-Dy and Dy-Dy antiferromagnetic (AFM)
interactions were studied by Mössbauer spectrometry and neutron diffraction. [10-11]
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Generally, substitution into Re or TM sites in RETMO3 compounds will result in
modifications of the crystal structure, causing changes in the physical properties. In
the case of DyFeO3, doping with La3+ ions, which have a larger ionic radius than Dy3+
ions, would lead to structural distortion, which possibly alters the electronic structure
and magnetic properties. In addition, the doped non-magnetic La3+ ions are expected
to dilute the concentration of Dy3+ ions, which would depress the antiferromagnetic
Dy-Dy and Fe-Dy interactions.
In this chapter, the crystal structure, magnetic properties, and electron
configuration of Dy1-xLaxFeO3 (x = 0.0, 0.1, 0.2, 0.3, and 0.4) are investigated. The
goal of this work is to provide useful information on the chemical pressure effects
resulting from RE-site doping on the crystal structure and magnetic properties.

6.2 Synthesis and Characterization
Dy1-xLaxFeO3 (x = 0.0, 0.1, 0.2, 0.3, and 0.4) powder samples were prepared by
solid state reaction of the ternary oxides Dy2O3, La2O3, and Fe2O3. The purity of all
the chemicals, obtained from Sigma-Aldrich, is 99.9%. The mixtures were pressed
into pellets and sintered at 1200 oC for 12 hours. Then, the products were crushed,
ground, pressed into pellets, and sintered again at 1300 oC for 24 hours.
The crystal structures of samples were examined by X-ray diffraction (XRD;
GBC Mini-Materials Analyser), using Cu-Kα radiation at λ = 1.54056 Å. XRD
refinement calculations were conducted via the Rietica software package (Version
1.7.7). Raman scattering measurements, with a shift ranging from 100 to 2000 cm-1,
were performed with a laser Raman spectrometer (HORIBA Jobin Yvon HR320) at
room temperature. An Ar+ laser with wavelength of 632.8 nm was used for excitation
of the Raman signals. The magnetic measurements were carried out using a 14 T
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physical properties measurement system (PPMS; Quantum Design) equipped with a
vibrating sample magnetometer (VSM) over a wide temperature range from 2 K to
700 K.

Figure 6.1 XRD patterns of Dy1-xLaxFeO3 (x = 0.0, 0.1, 0.2, 0.3 and 0.4) samples
synthesized by solid state reaction. All the peaks were indexed with JCPDS Card No,
47-0069.

6.3 Structure of Dy1-xLaxFeO3
The phase and crystallinity of the as-prepared Dy1-xLaxFeO3 (x = 0.0, 0.1, 0.2, and
0.3) samples were examined with XRD, as shown in Figure 6.1. All the samples are
phase-pure without any observable impurities. The diffraction patterns could be
indexed with an orthorhombic perovskite structure (space group Pnma) according to
Joint Committee on Powder Diffraction Standards (JCPDS) Card No. 47-0069. The
Rietveld XRD refinement was carried out to calculate the lattice parameters, bond
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lengths, and bond angles. The lattice parameters a, b, and c are increased along with
the La doping level. Overall, the lattice expands as a result of La substitution. In
addition, the distortion of Fe-O octahedra in Dy1-xLaxFeO3 samples is reduced with
doping. The in-plane Fe-O bond lengths decrease, and the out-of-plane bond lengths
increase along with the doping level. Distances of the nearest RE3+ ions in Dy1xLaxFeO3

were calculated to increase along with the x value as well. The modified

crystal structure can be attributed to the different radii of the La3+ and Dy3+ ions.
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Figure 6.2 Raman spectra of Dy1-xLaxFeO3 collected at room temperature: (a) Raman
spectra for samples with x = 0.0 to 0.4. The vibration modes are indexed on the
bottom; (b) normalized Raman spectra with fitted Raman peaks for un-doped
specimen.

165

6.4 Raman Study on Dy1-xLaxFeO3
Due to the relatively weak contribution to the structural factors by O2- ions in the
XRD analysis, some disorder effects in the anion sublattice cannot be distinguished.
Therefore, Raman spectroscopy analysis of Dy1-xLaxFeO3 (x = 0.0, 0.1, 0.2, 0.3, and
0.4) has been performed with special attention to the vibration bands that are most
affected by crystal structure disorder. Figure 6.2 shows Raman spectroscopy results
for the Dy1-xLaxFeO3 (x = 0.0, 0.1, 0.2, 0.3, and 0.4) samples at room temperature.
The irreducible representation for DyFeO3 at the centre of the Brillouin zone is given
by:

Γ = 7 A1g + 8 A1u + 7 B1g + 8B1u + 5B2 g + 10B2u + 5B3 g + 10B3u
in which there are 24 Raman-active modes, 28 infrared modes, and 8 inactive modes
[12]

. In order to identify the Raman shift peaks for different samples, the Dy1-xLaxFeO3

Raman spectra were fitted in the range of 100−550 cm-1 by the Gaussian fitting
method, as is shown in Figure 6.2(c). There are ten vibration modes that have been
identified. This agrees with results from a previous study on DyFeO3 ceramics

[9]

.

Based on a Raman study of SmFeO3, the effective mass (meff) [13], which is defined as
meff = x mLa + (1-x) mDy, is introduced for the discussion of the doping effect on the
Raman shift of Dy1-xLaxFeO3. Most of the Raman modes above 100 cm-1 show a
frequency decrease with the effective mass (meff) of RE3+ ions in Dy1-xLaxFeO3. Due
to the systematic increase in the cell size with the decreased meff of the Re3+ ions, the
RE-O and Fe-O force constants will be slightly decreased, which results in decreased
frequency of the vibration modes. Unlike the sharp vibration peaks observed in pure
DyFeO3, the Raman spectra of La doped samples exhibit significantly broadened
peaks. This effect is related to the disordered crystal structure induced by the La3+ ion
substitution in DyFeO3. The presence of La3+ in Dy3+ sites causes less distortion of the
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FeO6 octahedra than in pure DyFeO3, which has been confirmed by the XRD
refinement calculations. The high frequencies (> 100 cm-1) of these vibration modes
and the broadening of the peaks should be attributed to the disordered O2- ions, as well
as the different masses of La3+ and Dy3+ ions.

Figure 6.3 Field cooled magnetic susceptibility as a function of temperature for the
Dy1-xLaxFeO3 (x = 0.0, 0.1, 0.2, 0.3, and 0.4) samples in a magnetic field of 1000 Oe
over the temperature range from 10 K to 700 K. Inset (a) shows M-T curves measured
below 100 K, in which TSRPT decreases with increasing doping level (with TSRPT
indicated by the corresponding arrows). Inset (b) shows M-T curves measured in the
high temperature range.
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6.5 Magnetic Properties of Dy1-xLaxFeO3
The field cooled magnetic susceptibility (χ) as a function of temperature T from
10 K to 700 K in magnetic field of H = 1000 Oe is plotted in Figure 6.3. The data
were collected by a field cooling measurement (FC) on the Dy1-xLaxFeO3 samples. A
spin re-orientation phase transition (SRPT) of Fe3+ ions was observed at TSRPT = 60.1
K. It was found that TSRPT decreases linearly with increasing La doping level, as
shown in inset (a) of Figure 6.3. There are three possible Fe3+ spin configurations,
labeled Γ4, Γ2, and Γ1, which are compatible with the canting of the iron spins, the
magnetic symmetry group (m’m’m) of these crystals, and the strong antiferromagnetic
coupling between nearest-neighbor Fe3+ sites. [14] According to a previous study, [15]
DyFeO3 undergoes a Γ4-Γ1 SRPT at TSRPT. It has been proven that this temperatureinduced SRPT is determined by the exchange interactions between Fe3+ and RE3+ ions
in REFeO3 compounds. [9] Because the total angular momentum is J = 0 for La3+ ions,
this results in a zero magnetic moment for the La3+ ion. The La3+ substitution will
reduce the contribution of RE3+ to the magnetic interactions in Dy1-xLaxFeO3 samples.
Thus, the exchange interaction of Fe-Dy is weaker in doped samples, which results in
decreasing TSPRT with increasing content of La3+ ions in Dy1-xLaxFeO3. In addition, the
magnetic moments of Dy1-xLaxFeO3 at TSRPT decreased along with the increasing
value of x, which should be ascribed to the increasing concentration of non-magnetic
La3+ ions. An antiferromangetic transition temperature (TN) was observed for Dy1xLaxFeO3

above 300 K. It indicates that TN is depressed with increasing doping level.

Broadening of the AFM peaks was observed due to the weaker antiferromagnetic
ordering in doped samples. The Dy1-xLaxFeO3 samples with x ≥ 0.1 show weak
ferromagnetic behavior (inset (b) of Figure 6.3) in the high temperature M-T curve due
to a possible canting angle arising from nearby Fe3+ AFM ordering (similar to the
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spiral magnetic structure in BiFeO3[16]). However, further neutron diffraction study of
this material is necessary to determine its detailed magnetic structure.

Figure 6.4 Inverse magnetic susceptibility as a function of temperature (1/χ−T) and
the Curie-Weiss law fittings are shown above TN from 600 K to 700 K for each
sample.

Figure 6.4 shows the Curie-Weiss law fitting of 1/χ−T from 600 K to 700 K for
all the samples. The total effective magnetic moments in Dy1-xLaxFeO3 were
calculated to be 5. 872 μB, 5.791 μB, 5.895 μB, 5.906 μB, and 5.210 μB for samples
with x = 0.0, 0.1, 0.2, 0.3, and 0.4, respectively, where μB is the Bohr magneton.
Because only Fe3+ ions contribute to the total effective magnetic moment in Dy1xLaxFeO3

above TN, the spin state S of Fe3+ can be used to calculate µeff via the

formula µeff = 2(S2+S)1/2. The Fe3+ ions in Dy1-xLaxFeO3 have five electrons in the 3d
shell, which leads to a total possible spin quantum number S with values 1/2, 3/2, and
5/2. Therefore, the possible µeff are 5.916 μB/Fe3+ for the high spin state (HS), 3.873
μB/Fe3+ for the intermediate spin state (IS), and 1.732 μB/Fe3+ for the low spin state
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(LS), respectively. Compared with the results from linear fitting of the 1/χ−T curves,
the spin state was found to be HS for all the samples.

6.6 Conclusion
In summary, the effects of La doping on the structure and magnetic properties
of DyFeO3 have been studied. XRD refinement and Raman spectroscopy revealed that
the crystal structure of Dy1-xLaxFeO3 (x = 0.0, 0.1, 0.2, 0.3, and 0.4) is modified
sequentially by the increasing La content. The vibration modes in the Raman spectra
show a frequency decrease with increasing doping level in Dy1-xLaxFeO3, which is
attributed to decreasing Re-O and Fe-O force constants. The doped non-magnetic La3+
ions weaken the Fe-Dy interaction in Dy1-xLaxFeO3, which results in a decreased
TSRPT and moment. The AFM temperature TN decreases due to distorted Fe-O bond
lengths, which leads to weak ordering of Fe-Fe. The electron configuration of Fe3+
ions is found to be HS for all the samples above TN.
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Chapter 7. Summary

In this thesis, the multiferroic compounds, BiFeO3, La doped BiFeO3, Cr doped
BiFeO3, La doped NdCrO3, Bi2FeMnO6, Bi2NiMnO6, and La doped DyFeO3, have
been systemically investigated. Their structural, magnetic, ferroelectric, thermal, and
dielectric properties are studied in details.
For hydrothermal synthesis of BiFeO3, the alkaline mineralizers, KOH and NaOH,
as well as their concentrations, are find to play an important role in yielding different
products, including BiFeO3, Bi2Fe4O9, and Bi25FeO39 with different morphologies.
The hydrothermal synthesis of bismuth ferrites is well explained by the dissolutionprecipitation mechanism. Bi1-xLaxFeO3 (x= 0.0, 0.1, 0.2, and 0.3) and BiFe1-xCrxO3 (0
≤ x≤ 0.1) are prepared by a hydrothermal method. It is found that the lattice
parameters, particle morphologies, and magnetic and dielectric properties, are affected
by the doping effect. For both compounds, the enhancements of ferromagnetic and
dielectric properties have been observed, which are due to the structure distortion as
well as variety of metal-oxygen bond length/angle in the doping samples. BiFeO3
multiferroic hollow spherical nanoparticles were fabricated by the electrospray
method. The BiFeO3 hollow nanoparticles have diameter of 100 nm with shell
thickness of ~35 nm. Enhanced magnetic moment and ferroelectricity have been
observed.
For La doped NdCrO3. Comparison of the structure of pure phase material and
Nd1-xLaxCrO3 shows that the expanded lattice volume is a result of La substitution.
Cr-O-Cr bond lengths and angles varied sequentially according to the doping level,
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which was confirmed by XRD and Raman studies. Increased TN and decreased TSRPT
can be attributed to La doping effect on Cr-Cr magnetic exchange interaction and on
Nd3+-Cr3+ coupling, respectively. The electron configuration of both Cr3+ and Nd3+
were found to be high spin state by the Curie Weiss fitting. The heat capacity study
revealed that the Debye temperature for the samples was increased by La doping. The
lattice, electronic, and magnetic contributions to heat capacity have been quantified.
The low-T Schottky anomaly indicates increasing energy level splitting of Cr3+ and
Nd3+ from doping. The Cr-Nd interaction is also depressed by La doping, which was
confirmed by calculation of mean-field interaction parameters.
Double perovskite multiferroic compounds Bi2FeMnO6 and Bi2NiMnO6 are
synthesized by an electrospray method. For Bi2FeMnO6, magnetic measurements
show the existence of Mn-rich and Fe-rich clusters. Three magnetic ordering
temperatures at 150 K, 260 K, and 440 K have been observed. Pure-phase Bi2FeMnO6
and Bi2FeMnO6 hollow particles were also fabricated by the electrospray method.
XRD study revealed that the samples crystallized in space group R3c and C121 for
Bi2FeMnO6 and Bi2FeMnO6, respectively. The formation mechanism of these hollow
particles can be explained by an Ostwald ripening – Kirkendall model. The
ferromagnetic transition of Bi2NiMnO6 is confirmed at 122 K in the M-T curve. A
coercive field of 190 Oe has been observed in the M-H loop. The room temperature
ferroelectricity of the Bi2NiMnO6 nanoparticles has been investigated by Kelvin probe
force microscopy (KPFM) by applying bias from 0 V to 5 V.
For La doped DyFeO3, structural properties have been studied by XRD
refinement and Raman spectroscopy. It is revealed that the crystal structure of Dy1xLaxFeO3

(x = 0.0, 0.1, 0.2, 0.3, and 0.4) is modified sequentially by the increasing La

content. The vibration modes in the Raman spectra show a frequency decrease with
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increasing doping level in Dy1-xLaxFeO3, which is attributed to decreasing Re-O and
Fe-O force constants. The doped nonmagnetic La3+ ions weaken the Fe-Dy interaction
in Dy1-xLaxFeO3, which results in a decreased TSRPT and moment. The
antiferromagnetic temperature TN decreases due to distorted Fe-O bond lengths, which
leads to weak ordering of Fe-Fe. The electron configuration of Fe3+ ions is found to be
high spin state for all the samples above TN.
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